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Introduction

1. Antibiotic resistance

1.1. Introduction

The importance of the discovery and the use ofbantics for the history of mankind is

undeniable. In 1928, the first antibiotic, peniaill was serendipitously discovered by Sir
Alexander Fleming. However, it was not until durikigorld War Il that the large scale

production was developed (Kardos & Demain, 20119 &nis not unthinkable that the

availability of penicillin to the Allies has affesd the outcome of this war (Wainwright,
2004). This large scale production meant the owoistite "golden age of antibiotic discovery”,
which took place between the 1940s and the 196B8e wince the 1970s the discovery of
new antibiotic classes has slackened (Walsh & Weitze 2014). Most of the antibiotics

which were introduced since that time have beemmata modifications of previously

discovered classes (Powers, 2004). In 1945, imtamview with The New York Times, Sir

Alexander Fleming cautioned that misuse of peicitould lead to the appearance of
resistant mutant bacteria (Alanis, 2005). Unfortalya he has been proven right and

nowadays, antibiotic resistance is considered asobthe major global public health threats.

1.2. Definitions

Although the subiject of this thesis is resistamcéantibiotics”, it is nevertheless appropriate
to define a number of commonly used related teirhs. general term “antimicrobial” refers
to any compound, including antibiotics and biocjdbat acts in an inhibitory or lethal way
against microorganisms (Capita & Alonso-Calleja, 120 Antibiotics are natural,
semi-synthetic or synthetic drugs, which are adstémed at low concentrations to treat,
control or prevent infectious diseases in humansnals or plants (Capita & Alonso-Calleja,
2013). They are also used as growth promotersimamproduction to improve the efficiency
of feed utilization. The mechanisms by which amtiizi growth promoters (AGPs) exert their
beneficial function is not totally clear yet. Thesh widely accepted hypothesis is that AGPs
modulate the intestinal microbiota by an antibaatexction which can result in: 1) decreased
competition for nutrients, II) reduction in micralbi metabolites that depress growth,
[II) enhanced nutrient absorption by reduction in gjze, including thinner intestinal villi and
total gut wall, and 1V) reduction in opportunispathogens and subclinical infection (Dibner
& Richards, 2005). The antibacterial mechanism GP& however has been doubted and an

alternative hypothesis, an anti-inflammatory effe€tAGPs, has been proposed (Niewold,
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2007). According to this investigator, phagocytieflammatory cells can accumulate
antibiotics resulting in an attenuation of the anfimatory response. Consequently, the levels
of proinflammatory cytokines would be lower thamwgk in untreated animals, which would
result in a lower catabolic stimulus (Niewold, 2D0OBiocides on the other hand are defined
as “Active substances and preparations containirega more active substances, put up in
the form in which they are supplied to the usetended to destroy, deter, render harmless,
prevent the action of, or otherwise exert a cohtleffect on any harmful organism by
chemical or biological means.” (OJEC, 1998).

Antibiotics are subdivided in different classeshwgimilar structure and mode of action.
Cross-resistance occurs when the resistance meahatonfers resistance to most or all
members of a class, due to the fact that they tawesame or similar target and mode of
action. However, cross-resistance can also occongrunrelated classes as a consequence of
an overlapping target or of the low specificitytloé resistance mechanism (EFSA, 2008).

The term “co-resistance” is applied when resistayerges are physically linked to each other.
This is the case when the different resistance gane part of the same genetic elemerd.(
plasmid, transposon or integron). In co-resistatioce,resistance genes are transferred in a
single event and are expressed jointly (Capita &1&b-Calleja, 2013).

There is no standard definition for “multidrug gaince”, however, the following definition
was recently proposed: “acquired non-susceptibtlityat least one agent in three or more

antimicrobial categories” (Magiorakes al, 2012).

A distinction can be made between intrinsic anduaeg resistance. Intrinsic resistance is a
feature inherent to a bacterial species and eveeynlmer of this species exhibits this
resistance. On the other hand, bacteria can actpsistance by horizontal gene transfer, by
which they receive antibiotic resistance genes frother bacteria, or by mutation.
Mechanisms of horizontal gene spread among bakstréans or species are often considered
to be the main mediators of antibiotic resistand®d@dford & Ellington, 2007). Horizontal
gene transfer will be discussed later in this Chiafgee section 2 Horizontal gene transfer).
However, mutational resistance may have major adinimportance in certain bacterial
species, such aslycobacterium tuberculosisn which resistance to all therapeutic agents
(rifampicin, isoniazid, streptomycin, pyrazinamidethambutol and fluoroquinolones) is
mediated by mutations or when considering resigtdncparticular antibiotics, such as for
example fluoroquinolones (Woodford & Ellington, ZQ)0Resistance to fluoroquinolones can

result from the accumulation of amino acid substins in the enzymes DNA gyrase and

4
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DNA topoisomerase IV, with increasing numbers oftations generally correlating with
increasing MICs (Woodford & Ellington, 2007).

1.3. Mechanisms

Bacteria guard themselves against the action oibiahts by developing resistance.

Resistance to a specific antibiotic can be causedifierent mechanisms (Figure 1.1).

Furthermore, the different types of resistance rapidms do not work exclusively. For

fluoroquinolones an@-lactams, it is known that more than one resistaneehanism can be

active in the same bacterial cell (McDermettal, 2003). Following mechanisms have been

described:

)

)

1D

V)

Antibiotics can be enzymatically modified or degrddbefore they reach their
target site. This strategy is proven very succégsfuhe numeroug-lactamases
and aminoglycoside modifying enzymes (Ramirez &masky, 2010; Smet al,
2010);

A second mechanism is lowering the internal comagion of antibiotics in the
bacterial cell a) by efflux pumps or b) by changthg permeability of the cell
membrane. Efflux pumps mediate resistance to a wigety of antibiotics
(Poole, 2005). The efflux can be increased by tltpiigition of specific genes or
by the overexpression of genes coding for predéinkgoumps (Poole, 2005). The
membrane structure and composition can act as wahgtermeability barrier,
presenting the most common form of intrinsic resise, but it can also change as
a result of acquired resistance mechanisms (IFO6R0or example, resistance to
B-lactams and (fluoro)quinolones can be the resuthis resistance mechanism
(Ruiz, 2003; Poole, 2004; Pagetsal, 2008);

Alteration of the target molecule of the antibiotdy mutations can cause a
decrease in affinity between the antibiotic and tfaeget molecule. This
mechanism can cause resistance to for examplepi¢éamand quinolones (Ruiz,
2003; Tupiret al, 2010);

Lastly, bacteria can become resistant by followigy alternative metabolic
pathway. A typical example of this mechanism is tbgistance to sulfonamides
and trimethoprim (Capita & Alonso-Calleja, 2013).
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Figure 1.1. Mechanisms of antibiotic resistance: I) enzymatadification/degradation of the
antibiotic, 1) antibiotic concentration decreaseg kfflux (a) or by changing cell membrane
permeability (b), Ill) target alteration and IV)t&rnative metabolic pathway.

1.4. Origin

Although antibiotic resistance poses nowadays anneous threat to public health, it actually
is an ancient natural phenomenon. Genes encodsigfaece tg-lactam, tetracycline and
glycopeptide antibiotics were found in 30000 yezltspermafrost sediments (D’Cosaal,
2011). An antibiotic resistance screening of theHguilla cave in New Mexico, which has
been isolated for more than 4 million years, res@ahe presence of multidrug resistant
bacteria (Bhullaet al, 2012). Resistance to 3 - 4 different antibiolesses was found, on
average, in 70% of the Gram-positive strains anapjproximately 65% of the Gram-negative
strains. ThreesStreptomycespp. strains were even resistant to 14 antibig¢itaillar et al,
2012).

Antibiotic resistance determinants can have adimglrole in natural environments (with low
antibiotic selective pressure), although this doesalways seem to be the primary function
(Martinez, 2009). They can also be involved in rhet@ processes as is the case for a
chromosomal acetyltransferaseFrovidencia stuartiiwhich is involved in the acetylation of
peptidoglycan (Macinga & Rather, 1999). Another repe are multidrug efflux pumps
which can also be implicated in detoxification,uence, homeostasis or signal trafficking in

microbial natural ecosystems (reviewed by Martigeal, 2009). Since the beginning of the
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antibiotic era, human activity can have causedifa ishtheir functionality and has influenced

the distribution and abundance of resistance g@vadinez, 2009; Finlegt al, 2013).

1.5. Impact of the use of antibiotics in the food praduton antibiotic resistance
During food production, antimicrobial agents argularly applied in several steps of the
production and manufacturing process. This is tmiabat the end food from healthy plants
and animals, which has a high hygienic quality snshfe for human consumption. However,
these agents can impose a selective pressure obattieria which can lead to resistance
development. The antimicrobial agents used througtiee food chain include disinfectants,
fungicides, antibiotics and feed preservativeshi@ primary production, disinfectants, food
preservatives and decontaminants in the secondesglugtion, disinfectants and food
preservatives in the tertiary production and destdints at the food consumption stage
(Capita & Alonso-Calleja, 2013). The primary prodac can be divided in animal
production (including aquaculture) and plant praduc In both domains antibiotics are
applied, though the amount of antibiotics used lanpagriculture is small compared to the
amounts used in animal production. In 2009 in tinged States, for example, the quantity of
antibiotics applied to orchards amounted to oniy?@% of the total antibiotics used in animal
agriculture (Stockwell & Duffy, 2012). In animalqauction, the administration of antibiotics
serves four goals, namely the treatment, contrdl @mevention of infectious diseases and
growth promotion. The European Union uses a mordia#s approach (“precautionary
principle”) than the United States concerning tee af antimicrobials in the food production.
This is exemplified by the ban of the use of awltilss as growth promoters since 2006 in the
European Union (OJEU, 2003a). Bacteria that becasistant due to the selective pressure
exerted by the administration of antibiotics duripgmary production can subsequently
colonize or infect humans. It has been demonstrébed farm workers have a higher
prevalence of resistant gut bacteria comparedeaémeral public or to workers on farms not
using antimicrobial growth promoters (Marshall &we 2011). Strong evidence exists that
consumers can acquire infections with antibiotisis@ant bacteria by the consumption or
handling of food that contains antibiotic resistdmicteria (Marshall & Levy, 2011;
FAO/OIE/WHO 2003).
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1.6. Other factors contributing to antibiotic resistanicefood

Antibiotic resistance does not only occur in foedaconsequence of the use of antimicrobials
throughout the food production chain. During ead¢bpsof the food production chain
contamination with antibiotic resistant bacteria @cur. When contamination occurs after
processing, it is called post-contamination. Cromstamination can occur due to the
improper handling of food during processing. In tkiechen a variety of sources for
cross-contamination can be preseng.the work surfaces, towels, the refrigerator anenev
the presence of household pets (EFSA, 2008).

In some types of food, bacteria are intentionatldexd. This can have several goals: starter
cultures are added for fermentation, probiotics added for their beneficial effects on the
host organism, biopreserving bacteria are addethtoextension of shelf life (Verraes al,
2013). In 2007, EFSA introduced a pre-market safsgessment, Qualified Presumption of
Safety (QPS), for the microorganisms that are usedeed/food production in which
antibiotic resistance criteria are also included #mis list is updated yearly (EFSA, 2007).
Although the application of biocides in the foodluistry is not explored into more detail in
this thesis, it is important to mention that thare indications that the use of these compounds
may contribute to the generation of antibiotic semice (SCENIHR, 2009). Antibiotics and
biocides share similarities in their antibactepabperties and in the resistance mechanisms
used by bacteria (Davin-Regli & Pages, 2012). Cressstance between biocides and
antibiotics can imply efflux pumps or changes ill eavelope, but biofilms can be involved
as well (SCENIHR, 2009). Co-resistance also ocutren the genes, encoding the resistant
phenotypes, are located together on a single mgbitetic element (Chapman, 2003). Both
kinds of resistance have been reported multipleedirm association with resistance to

guaternary ammonium compounds (Hegstadl, 2010).

1.7. Significance of the antibiotic resistance problem

The magnitude of the antimicrobial resistance mwbworldwide is still largely unknown.
The World Health Organization (WHO) has recentlplmhed a report in which, for the first
time, the current worldwide status of surveillaac®l information on antimicrobial resistance
at country level, in particular antibacterial résiece, was examined (WHO, 2014). Two key
findings of this report are: a) very high rategedistance have been observed in bacteria that
cause common health-care associated and commugjtyrad infections €.g. urinary tract

infection, pneumonia) in all WHO regions; b) thare significant gaps in surveillance, and a
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lack of standards for methodology, data sharing aadrdination, which consequently
compromises the ability to assess and monitor th&teon. In this report, resistance to
third-generation cephalosporins and to fluoroqunek inEscherichia coliwas amongst
others considered. Pathogeiic coli is the most frequent cause of bloodstream infastio
community- and hospital-acquired urinary tract atiens, and one of the leading causative
agents in foodborne infections worldwide. Third-gextion cephalosporins are widely used
for intravenous treatment of severe infectionsasgitals, while fluoroquinolones are among
the most widely used oral antibacterial drugs s ¢bmmunity. For both types of antibiotics,
resistance exceeded 50% in five out of the six WHQions. Both of them are also
considered as critically important antimicrobials the treatment of severe or invasive
salmonellosis in humans (EFSA/ECDC, 2014).

On European level, antimicrobial resistance sulewatle is assured by European law with for
example the listing of antimicrobial resistance aaspecial health issue in Annex 1 of
Commission Decision 2000/96/EC on the communicédlseases to be progressively covered
by the Community network under Decision No 211%¥48/of the European Parliament and
of the Council (OJEC, 2000) and Directive 2003/99/&n the monitoring of zoonoses and
zoonotic agents, which obliges Member States toitmoand report antimicrobial resistance
in SalmonellaandCampylobacteisolates obtained from healthy food-producing atgrand
from food (OJEU, 2003b). The antibiotic resistafig in Salmonellaspp. from humans and
from food and animals for 2012 in the EU are repnésd in Table 1.1 and 1.2. Concerning
the human isolates, the antibiotic resistance @w@l$o reported separately fSalmonella
entericasubsp.entericaserovarEnteritidis andSalmonella entericaubsp.entericaserovar
Typhimurium.

The European Centre for Disease Prevention andr@qBCDC) publishes annually on the
one hand the "Annual report of the European Antiobi@l Resistance Surveillance Network
(EARS-Net)" and on the other hand the "Europearoi@ummary Report on antimicrobial
resistance in zoonotic and indicator bacteria fltmmans, animals and food", a joint report
together with EFSA. EARS-Net is a European widevoet of national surveillance systems,
providing European reference data on antimicrokaaistance for public health purposes by
performing surveillance of antimicrobial resistari@sed on invasive isolates from blood or
cerebrospinal fluid from eight bacterial microorgans of public health importance, one of
which is E. coli. For 2012, following EU/EEA population-weighted ame percentages of
resistance were reported i coli. 57.4% for aminopenicillins, 11.8% for third-geaton

cephalosporins, 22.3% for fluoroquinolones, 10.38% dminoglycosides and < 0.1% for
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carbapenem resistance (ECDC, 2013). Statisticalgnifscant increases in EU/EEA
population-weighted mean percentage of resistancigl the time period 2009-2012 was
reported for third-generation cephalosporins anthagtycosides (ECDC, 2013).

Human health consequences related to foodbornkiatiti resistance include (Angulo et al.,
2004): 1) infections that would not otherwise hawecurred if the pathogens were not
resistant, which can be expressed as the “attbbrifaction”. This refers to the increased
risk that people, who are treated with antibiotios whatever reason, have of developing
illness with pathogens resistant to the particludatibiotic; 1) increased frequency of
treatment failure and increased severity of intettiThese can lead to prolonged duration of
illness, increased frequency of bloodstream inbetj increased hospitalization and increased
mortality. Antibiotic resistance may cause earlypemal treatment to be less efficient and
may limit the choices of treatment (Mglbak, 200=)rthermore, the risk of complications is
amplified by treatment failure (Capita & Alonso-&h, 2013). Additionally, antibiotic
resistance may be associated with increased voelbyg co-selection of antibiotic resistance
and virulence mechanisms. Several mobile genetimehts such as plasmids, integrative and
conjugative elements, and outer membrane vesicgsbm involved (Beceiret al, 2013).
These consequences have mainly been studied iioreta antibiotic resistanBalmonella
and Campylobactelreviewed by Angulo, 2004; by Tollefson & Karp,®Dand by Mglbak,
2005). Calculations suggest that in the USA artibioesistance annually results in an
additional 29379 non-typhoid&almonellainfections, leading to 342 hospitalizations and 12
deaths, and an additional 17668ampylobacter jejuniinfections, leading to 95
hospitalizations (Barza & Trevors, 2002). Recentlhis was also analyzed for
third-generation cephalosporin resistént coli (de Krakeret al, 2011; Collignonet al,
2013). The burden of disease associated with blesgg@am infections caused by
third-generation cephalosporin resist&ntoli in Europe was estimated at 2712 excess deaths
and 120065 extra hospital days, based on data 2@ (de Krakeet al, 2011). Inevitably,
this will result in economical consequences. Theltoosts attributable to excess hospital
stays for blood stream infections caused by thedegation cephalosporin resistadht coli
were 18.1 million € (de Krakeet al, 2011). In Europe in 2007, the number of infection
caused by selected multidrug resistant bacteri#h(thie focus on bacteria most frequently
isolated from blood cultures and with markers faultdrug resistance) was estimated at
approximately 400000 with 25000 attributable deadhsl 2.5 million extra hospital days
(ECDC/EMEA, 2009). The costs associated with thefeetions, including costs concerning
patient care and productivity losses, were estichatel.5 billion € (ECDC/EMEA, 2009).
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Another aspect to keep in mind is that there iseasing evidence that foodborne infections
do not only affect the gastrointestinal tract, that urinary tract infections (UTI) caused by
antibiotic resistanE. coli can also have a foodborne origin (in particulaulppg) (Nordstrom
et al, 2013). This evidence originates from studies destrating the genetic relationship
between foodbornE. coliandE. colifrom UTI cases and the capability of foodboEnecoli

to cause UTIsin vivo (reviewed by Nordstronmet al, 2013). An epidemiological study
furthermore indicated that poultry or pork possibigpresent a food reservoir for
antimicrobial resistant, UTI-causing. coli (Manges et al, 2007). An overview of
extraintestinal pathogeni€. coli lineages with a possible food reservoir and thegk no
known food animal reservoir has recently been gibgnManges & Johnson (2012). This
consequently enlarges the implications of antibiogsistank. coliin the food supply.
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Table 1.1. Antimicrobial resistance (%) iBalmonellaspp. (all non-typhoidal serovarsy, entericaerovarEnteritidis andS. entericaerovar
Typhimurium isolates from humans in 2012, usingicdl breakpoints (EFSA/ECDC, 2014).

Amp Cef Chl Cip Gen Kan Nal Str Sul Tet Tri

Salmonellaspp. 276 11 5.7 5.1 5.0 1.7 144 23.6 289 3049
S. entericaserovar Enteritidis 5.7 0.7 0.4 4.9 5.5 0.1 18.89 0. 1.9 2.5 15
S. entericaserovar Typhimurium 66.6 0.9 18.3 2.2 3.0 1.7 6.4 6.24 624 63.7 120

Amp: ampicillin; Cef: cefotaxime; Chl: chlorampheal; Cip: ciprofloxacin; Gen: gentamicin; Kan: kamgcin; Nal: nalidixic acid; Str: streptomycin; Sshilfonamides;
Tet: tetracycline, Tri: trimethoprim.

Table 1.2. Antimicrobial resistance (%) iBalmonellasolates from food and animals in 2012, using harised epidemiological cut-off values
(EFSA/ECDC, 2014).

Amp Cef Chl Cip Gen Nal Sul Tet
Broilers & spent hens meat 19.9 4.3 5.9 63.1 4.2 357 53.0 48.9
Gallus Gallus(fowl) 21.2 4.5 4.4 37.3 4.7 34.3 28.3 25.9
Meat from pigs 47.5 0.9 12.6 7.6 2.4 4.2 53.5 49.2
Pigs 60.2 2.3 14.2 7.6 3.4 5.8 63.3 63.3
Meat from bovine animals 40.0 1.4 9.9 20.0 9.4 8.2 40.8 39.5
Cattle 34.5 0.4 15.5 9.1 1.1 9.1 42.4 36.0

Amp: ampicillin; Cef: cefotaxime; Chl: chlorampheal; Cip: ciprofloxacin; Gen: gentamicin; Nal: rdikic acid; Sul: sulfonamides; Tet: tetracycline.



Introduction

2. Horizontal gene transfer (HGT)

2.1. Introduction

In the dissemination of antibiotic resistance, paty the bacteria play a major role, but
transferable antibiotic resistance genes are kayept as well. These antibiotic resistance
genes can be transferred by means of horizontak geansfer (HGT). Three main
mechanisms can be distinguished in HGT, namely ugatjon, transformation and
transduction (Figure 1.2). In the case of antibiotesistance transfer, conjugation is
considered the most important mechanism since raatigiotic resistance genes are situated
on mobile elements such as plasmids and conjugaaimsposons. Furthermore, conjugation
of broad-host-range plasmids enables DNA to bestesired over genus and species borders,
whereas transformation and transduction are usoadle limited to the same species (Mathur
& Singh, 2005). Conjugative or mobilizable plasm@® the most common transmission

vectors for antibiotic resistance genes (BoerliR&d-Smith, 2008; Hawkey & Jones, 2009).

/\[\/\/\

\
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Figure 1.2. The three main mechanisms of horizontal gene fean§ Conjugation (transfer
of genetic material from a donor to a recipient tea@im), 1) Transformation (uptake of free
DNA) and IIl) Transduction (transfer of genetic el by bacteriophages).
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2.2. Mechanisms of HGT

2.2.1 Conjugation

Conjugation involves the transfer of genetic eletedrom a donor bacterium to a recipient
bacterium. This mechanism requires physical cortiabiveen the bacteria. A wide range of
genetic elements are transferred by means of catiugof whichplasmids are the most
common. Three characteristics are inherent to ptssml) they are able to exist
extrachromosomally and replicate autonomouslythidy can transfer between distinct hosts,
[ll) they do not possess housekeeping genes eakémtiheir hosts (Skippington & Ragan,
2011). Another important feature of plasmids istttieey can carry resistance genes for
practically every type of antibiotic (Barlow, 2009)here are two types of plasmids, namely
conjugative plasmids and mobilizable plasmids. Titer needs the help of a conjugative
plasmid to be able to transfer to other cells. Mpéble plasmids are rather small (< 10kb)
compared to the conjugative plasmids (> 30kb). Thierence in size is explained by the
presence of genes encoding conjugation functionshén conjugative plasmids (Bennett,
2008). Plasmids have developed a remarkable diyesEstrategies to enable DNA transfer.
However, basic conjugative steps can be describeccdmmon mechanistic principles
(Zechneret al, 2000). The first step is the intimate contaciMeen cells. Gram-positive and
Gram-negative bacteria differ in the mechanismsdus®e achieve cell-cell contact. In
Gram-negative bacteria this is promoted by plasteittrmined extracellular filaments, sex
pili. An interaction between the tip of the sexugiland the surface of the recipient cell leads
to the initial contact. Intimate association of del surfaces is achieved by pilus retraction.
Subsequently, a mating bridge between the celfsrimed, serving as a conduit for DNA
(Zechneret al, 2000). In Gram-positive bacteria cell-cell comtas induced by other
mechanisms such as pheromones secreted by theereéaplls or by aggregation (Grohmann
et al, 2003). The second step is the transport of th& @bla single-stranded linear molecule.
This involves cleavage of the transferring DNA lyaxase at the transfer of origiari(T),
resulting in a nucleoprotein complex (relaxosomRjclv is transported to the recipient cell by
a protein export mechanism (Garcillan-Bareiaal, 2009). The majority of conjugative
plasmids applies herefore the type IV secretioresys(T4SS) (Goessweiner-Molet al.,
2013). The DNA is pumped into the recipient cell thyp coupling protein TACP. To be
established in the recipient cell the incoming pias has to be circularized, which is
relaxase-mediated, and the complementary strantbHassynthesized. Conjugative plasmids
can exhibit a broad- or a narrow-host-range. Fer lttter, transfer is restricted generally

between a small number of similar bacterial spe@@esnnett, 2008). Many of the conjugative
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plasmids are supplied with broad-host-range pra@gsedamong Gram-negative species and a
small number of these plasmids can also transterdsn and replicate in both Gram-negative
and Gram-positive bacteria (Schréoder & Lanka, 20053 not our intention to discuss all the
other genetic elements which can be transferreddmjugation thoroughly, but they are
briefly mentioned to demonstrate the broad rangepgiortunities that bacteria have for the
dissemination of antibiotic resistance.

Transposons(also called jumping genes) are able to move wisimd between chromosomes
and plasmids. In analogy with plasmids, two typésransposons are the conjugative and
mobilizable transposons. Conjugative transposofabeo a larger group of mobile genetic
elements, thentegrative and conjugative elements (ICEs)ICEs are elements that integrate
into and excise from the chromosome, replicate wWithchromosome and are transferred by
conjugation (Burrugt al, 2002; Burrus & Waldor, 2004).

Similarly, mobilizable transposons are part of ithtegrative mobilizable elements (IMES)

A well known example of an integrative mobilizalelement that can contribute to the spread
of antibiotic resistance is ti&almonellagenomic island 1 (SGI1) (Doublet al, 2005). Two
other transposon types are the unit transposon tle@dcomposite transposon. The unit
transposon encodes an enzyme involved in excisiwh iategration and contains one or
several accessorye.. resistance) genes in one genetic unit (Robettsl, 2008). In a
composite transposon, the DNA segment is flankedhbgrtion sequences (IS) (Robegts
al., 2008). The first genes which were recognizedefisgopart of composite transposons were
antibiotic resistance genes (Merlat al, 2000). Insertion sequencesare small elements,
carrying only genes necessary for their transpositand which are mostly delineated by
inverted terminal repeats of 10-40 bp (Mahillon &abdler, 1998)Insertion sequence
common regions (I£R) elements are E-like elements which differ from the classical I1Ss
as they lack the typical repeats at the ends aey tiypically transpose using a rolling circle
replication mechanism (Boerlin & Reid-Smith, 2008Jhereas most IS elements need two
flanking copies to mobilize genes,dR elements can transpose adjacent DNA sequences,
mediated by a single copy of the element due tadhimg circle transposition (Tolemast

al., 2006). IR elements are remarkable for their close assoaoiatith a wide variety of
antibiotic resistance genes and can contributde¢ontobilization of virtually every class of
antibiotic resistance genesncluding those encoding extended-spectrftactamases
(ESBLs), carbapenemases, and enzymes conferrin@dismectrum aminoglycoside
resistance, florfenicol/chloramphenicol resistane@ad resistance to trimethoprim and

guinolones (reviewed by Tolemaial, 2006).
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Integrons represent an example of the fascinating ways haceaolve to overcome the
threat that antibiotics impose. At the beginningled antibiotic era multiresistance was not
anticipated, because the co-appearance of multipéations conferring resistance was
considered to be beyond the evolutionary potemtiah given bacterial population. In the
1950s the first multiresistant bacteria were obsgérand it soon became clear that the
resistance could be transferred (Watanabe, 1963)hd 1970s, multidrug resistance was
determined in many cases to be associated witrsrtrasible plasmids (Mazel, 2006).
Integrons were first described in the late 1980skK& & Hall, 1989). It is becoming clear
that integrons are actually a common component adtdsial genomes with a long
evolutionary history and that antibiotic use seddcparticular integrons from among the
environmental pool, resulting in the presence ¢&¢grons carrying resistance genes in the
majority of Gram-negative pathogens (Gillings, 201%he ongoing use of antibiotics in
clinical and agricultural practice has made mohiésistance integrons extraordinarily
abundant, in particular class 1 integrons. In lhgattumans, including infants who have not
yet been exposed to antibiotics, they have beeearedd in 10 to 50% of commensal bacteria.
The integron carriage by commenEalcoli in farm animals can rise to 80% (Gillings, 2014).
An integron is an immobile element which can cagtimtegrate and express or release gene
cassettes. All the elements necessary for theratieg and expression or excision of the gene
cassette(s) are located within the 5’-CS regiomelg anintl gene encoding a site-specific
tyrosine recombinase, which catalyzes the spe@ficision and integration of the gene
cassette(s), a recombination sii and a common promoter, Pc, for the expressiomef t
genes. A gene cassette consists of a gene andrabiation siteattC, by which the cassette
can be integrated in the integron by site-specdmmbination. Figure 1.3 shows how gene
cassettes are integrated in an integron. Integrande associated with mobile DNA elements
such as plasmids and transposons (mobile integMhsor they can be associated with the
bacterial chromosome (chromosomal integrons, Cinfrayet al, 2010). Chromosomal
and mobile integrons differ in the number and tinecfion of gene cassettes. Chromosomal
integrons can carry a variable number of gene tasseanging from zero to hundreds, which
are usually not implicated in antimicrobial resiste, while MI contain a limited number of
gene cassettes, mostly involved in antibiotic tasise (Dominguest al, 2012). Five
different integron classes can be distinguishedrantbe mobile integrons, however only the
first three classes are historically associatedh witie dissemination of multiresistance

(Cambrayet al, 2010). There appears to be a link between intesgend multiresistance.
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Nagachinta and Chen (2009) reported that all imiegrositive Shiga toxin-producirtg. coli
(STEC) strains examined were resistant to at base different antibiotics.

Pc
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Figure 1.3. Integration of gene cassettes in an integron. ifitegrase (Intl) catalyses the
site-specific recombination between #i#d of the integron and thattC of the gene cassette.
The integrated gene cassettes are subsequentlgssqat with the help of the Pc promoter.

(Source: Cambragt al, 2010)
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2.2.2 Transformation

Transformation involves the successful uptake @ DNA from the environment.

During this process several steps can be distihgdisThe first step is the release of DNA
from cells. Competent cells can subsequently tgkehis free DNA. The next step is the
stable integration of the DNA in the recipient c@lhe last step in a successful transformation
is the expression of the acquired trait (Lorenz &dkernagel, 1994). DNA can be released
by bacteria both passively after cell death orvatyi by secretion (Nielseet al, 2007). This
extracellular DNA has to circumvent enzymatic delgteon and chemical or physical
inactivation in the environment. The matrix surrdung the DNA influences the stability of
DNA. This has been demonstrated for example imthdly treated fermented sausages where
recombinant DNA was protected against the actioftipNase (Straulet al, 1999). Another
example is soil, in which binding to mineral andrha substances protects the DNA from
extracellular, microbial DNases and nucleases (tRogth et al, 2007). To be able to
undergo natural transformation, bacteria have teeld@ competence. Natural competence
has been described for several bacterial speciesdrg to different phyla, however, it is
expected that more species are able to undergaaharmansformation under adequate
conditions (de Vries & Wackernagel, 2004; Johnsberrgal, 2007). Not all strains of a
species show the same level of transformability (dees & Wackernagel, 2004).
Furthermore, there is a species dependence ofithe $pan in which competence is
developed. For example, bacteria such Helicobacter pylori or Neisseria spp. are
constitutively competent while in other bacterigunal competence is induced in response of
environmental signals (Seitz & Blokesch, 2013). $dracterial species have a preference for
DNA from the same or closely related species, bastnmatural competent bacteria are not
selective (Lorenz & Wackernagel, 1994; Bakkali, 201In the case ofMHaemophilus
influenzae a recognition sequence of 11 bp is involved ia fpecificity, although at low pH
heterologous DNA can bind, suggesting that nonipdaNA uptake can also occur (Lorenz
& Wackernagel, 1994). Gram-positive and Gram-ne&gabacteria have similar DNA uptake
mechanisms with differences inherent to the diffees in the cell wall structure of
Gram-positive and Gram-negative bacteria (Dubneé®99; Chenet al, 2005). Under
laboratory conditions, competence can be induceditbgrent methods in a wide range of
bacteria (Aune & Aachmann, 2010). Integration ia bacterial genome is necessary for the
persistence of the internalized chromosomal DNAisTéan be achieved by homologous
recombination, illegitimate recombination and hoogyl facilitated illegitimate

recombination (de Vries & Wackernagel, 2004).
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Species in which natural transformation has couateth to antibiotic resistance are for
example streptococd\eisseriameningitidisand the foodborne pathogén jejuni (Bowler et
al., 1994; Janoiet al, 1999; Jeort al, 2008).

2.2.3Transduction

In transduction, genetic material is transferredagteriophages (bacterial viruses).

Three types of genetic exchange are mediated bierfi@ghages: generalized transduction,
specialized transduction and lysogenic conversBralfbanet al, 2005). In generalized
transduction, virtually any gene from the infectadl can be transferred to a recipient cell.
During a lytic infection, the host genome is deg@dnd bacteriophage reproduction begins.
Subsequently, functional virions are generated, dv@ny sometimes bacterial host DNA
instead of viral DNA is accidentally packaged bg thacteriophages head assembly system,
yielding transducing particles. These transduciagigles cannot initiate a normal infection,
but they can transfer their DNA to a recipient céifter entry, this DNA is degraded or
recombined with the new host's DNA. A much moreiog#ht mechanism is specialized
transduction.Temperate bacteriophages can enter lysogeny afitey, eneaning that the
expression of bacteriophage genes leading toys# Is prevented, and its genome becomes
integrated into the bacterial genome (prophageis §nerally confers immunity to the host
cell against further infection by the same or sambacteriophages. During the Iytic cycle, the
prophage is excised. However, sometimes this extisi inaccurate and an adjacent section
of the bacterial host’'s genome is co-excised, witah subsequently be transferred to new
hosts. No recipient cells are involved in lysogetnoiversion. Lysogenic conversion implies
an altering of the phenotype of the infected hgstié®terminants encoded by the prophage of
a temperate bacteriophage.

The contribution of this phenomenon to the dissatmm of antibiotic resistance has
scientifically received less attention than conjiga and transformation. The role of
transduction in the dissemination of antibioticisesce has been reviewed by Brabbaal.
(2005) with emphasis on its role B. enterica serovafyphimurium andPseudomonas
aeruginosa Recently, more and more studies have demonsttlagepotential of transduction
in antibiotic resistance transfez.(. Zhang & Lejeune, 2008; Di Lucet al, 2010; Vargeet

al., 2012; Gotet al, 2013).
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2.2.40ther mechanisms of HGT

Next to the three main mechanisms discussed almkier mechanisms of horizontal gene

transfer can occur between bacteria, such as eeasietliated translocation and gene transfer
agents (Keese, 2008).

In Gram-negative bacteria, outer membrane ves{@&4V) are naturally occurring structures
derived from the outer membrane, which were fitstavered in the 1960s (Kulp & Kuehn,
2010). More recently, membrane vesicles were a¢seribed in Gram-positive bacteria and
in Archaea (Manning & Kuehn, 2013). Next to theigkessmediated transformation, which is
assumed to happen by fusion and consequent traofsfiee DNA from the vesicle lumen to
the host cell, (outer) membrane vesicles are algolved ine.g.virulence, stress response to
both internal as external stresses, cross-speaigsraction, biofilm formation and
maintenance (reviewed by Manning & Kuehn, 2013)sible-associated DNA has been
found to be both bound to the OMV surface and pge#anside the vesicles. The mechanism
by which DNA is packaged as vesicle cargo is ndtglear. Rumboet al. (2011) have
proposed two possible mechanisms to explain theepee of DNA inside OMVs: |) plasmids
migrate in some way to the periplasm, where theytepped in OMVs; II) some OMVs
could contain both inner and outer membrane comgiguimapping cytoplasmic compounds
and even plasmids. The transfer of carbapenemtarses genes by OMVs has been
demonstrated iAcinetobacter baumanngitrains (Rumbet al, 2011).

Gene transfer agents (GTAs) are phage-like elemeits tailed-phage structures that
package small segments of the genome of a GTA-pmdwcell and transmit these genes
throughout the environment (Lamg al, 2012).They differ at several points from phages: I)
the production of GTAs is not the result of a phadection. Rather, the encoding genes are
contained within the genome of the cell that prasuthe GTAS; Il) the amount of DNA that
it contains is a random piece of the genome optleucing cell and is insufficient to encode
the protein components of the particle itself, whih generalized transducing phages, the
fragments of packaged DNA are the size of the plggg@me and usually only an occasional
particle contains host genes (Lamg al, 2012). GTAs are presumably released into the
environment by lysis of the producing cell afterigthit is likely that GTAs bind to recipient
cells via specific tail-receptor interactions, thet receptor has not been identified yet (Lang
et al, 2012). Four genetically unrelated GTAs have bieentified to date, but a lot more
GTA like elements seem to exist (Langt al, 2012). The GTA ofBrachyspira
hyodysenteriaeVSH-1, was able to transfer tylosin and chloraempbol resistance genes

betweerBrachyspira hyodysenteriagrains after antibiotic induction (Stantenal, 2008).
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2.3. Effect of food matrices and food processing on HGT

A lack of knowledge exists concerning the significa of antibiotic resistance gene transfer
in food products, neither is there a lot of infotima about the extent to which food
processing contributes to the occurrence of HGT.

Successful plasmid transfer by conjugation was destnated for example between
Lactobacillus curvatusstrains during sausage fermentation (Vogelal, 1992), between
Enterococcus faecalistrains during cheese and sausage fermentatiamsc@@celliet al,
2003), betweerBacillus thuringiensisand Bacillus cereusn milk and dairy products (Van
der Auweraet al, 2007; Modrieet al, 2010), fromS. enterica serovafyphimurium to

E. coliin milk and ground meat (Walsét al, 2008), betweehactococcus lactistrains in
yoghurt (Toomeyet al, 2009a), fromE. faecalisto bacteria involved in meat fermentation
during sausage fermentation (Gazzelaal, 2012) and betweehisteria monocytogenes
strains on salmon and cheese (Bertstchl, 2013). Kruse & Sgrum (1994) investigated the
transfer of R plasmids in minced meat (betwdencol) and in fish (fromAeromonas
salmonicidasubsp.salmonicidato E. coli) on a cutting board to simulate food processing in
the kitchen. Conjugation was found to occur in biothd products as well as on the wooden
cutting board in the case of minced meat. Howelesver bacterial numbers were found on
the cutting board which was possibly due to thedyandal properties of wood.

It has been shown that sublethal stresses in mofibeth preservation systems, such as
temperature, reduced pH, increased osmotic strems, have an increasing effect on
conjugation rates. Concerning temperature, theaegesneral consensus that low temperatures
have a negative effect on plasmid transfer (Fereadtorga et al, 1992).
Walshet al. (2008) studied the effect of low temperature otibawtic resistance transfer from
S. entericaserovar Typhimurium t&. coliin LB broth, milk and ground meat. Transfer was
detected in all three media at 25 and 37 °C, wisen@asfer at 15 °C was only observed in
ground meat. No transfer was observed at 4 °C, lwmaht be explained by the overall
reduction in the metabolic rates of the mesophdienor and recipient strains used
(Walshet al, 2008). Fernandez-Astorget al. (1992) observed plasmid transfer between
E. coliin a temperature range between 8 and 37 °C, botlnyptone Soya Broth (TSB) as in
ultrapure distilled water. Although. coli belongs to the mesophilic bacteria, which normally
have minimal growth temperatures between 10 antC1%his bacterium is still able to grow
at temperatures 7 °C (Jone®t al, 2004). Varying the pH (6.0 — 8.5) had no effeciTiSB
nor in ultrapure distilled water (Fernandez-Astoegal, 1992). A study on the effect of pH
on antibiotic resistance transfer betwé@ttococcus lactistrains demonstrated that varying
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the pH of the transfer medium between pH 6.0 afdh@ad no significant effect on transfer
rate, while at pH 8.0 transfer was inhibited (Togne¢ al, 2009b). Together with previous
studies, this study indicates that the optimum p&y ghepend on the nature of the plasmid, the
physiology of donor and recipient cells, or varimmnbinations of these and perhaps other
complex factors (Toomest al, 2009b). High salt stress (5% NacCl) increaseswlhsransfer
frequency inB. thuringiensis(Beuls et al, 2012). A stimulating effect of the previously
mentioned stress factors was observed when prestr@socula were used (Mc Mahenal,
2007a).

Concerning transformation, the research performefdad matrices has been focused rather
on the effect of food processing on transformationgeneral than on transformation of
antibiotic resistance genes. Bawral. (1999) demonstrated that transformationEofcoli
took place in a variety of foodstuffs, even at Idemperatures and under conditions
mimicking homogenization of milk. Brautigamt al. (1997) found a strong decrease in
transformation frequency when chromosomal DNA wa®-ipcubated in ultra-high
temperature (UHT) milk at 20 °C, while the decreaséransformation frequency happened
slower when the pre-incubation temperature was.8/8@ den Eedet al. (2004) provide a
summary of food chain related factors that cancafftNA integrity. The effect of processing
on DNA degradation has been investigated in a tyagefood products such as sugar beets,
fermented sausages, potato products, orange jsmemilk, tofu,... (Klein et al, 1998;
Straubet al, 1999; Baueet al, 2003; Kharazmet al, 2003; Baueet al, 2004; Weis=t al,
2007). The food matrix may constitute a protecewvwironment for DNA. Kharaznet al.
(2003) analyzed the DNA degrading factors duringdpction of soymilk, tofu, corn masa,
and cooked potatoes. For soymilk and tofu, groumndiras the most important degrading
factor, while further treatment, which was boilimgthe case of soymilk, did not have an
additional effect. This indicates that a specibod matrix may have a protective effect to
certain degrading factors, as boiling of the paatstrongly degraded DNA. This was also

seen in thermally treated fermented sausages (Sttaal, 1999).

The effect of food matrices and food processindgransduction has been studied to a lesser
extent. Studies analyzing transduction of Stx peagenilk, bottled water, orange juice, salad
and ground beef demonstrated that transductionndidtake place at low pH or at low

temperature (Imamoviet al, 2009; Picozziet al, 2012). On the other hand, Aertsen
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al. (2005) demonstrated that high hydrostatic pressure could induce Stx prophkgeslin

in LB medium and in whole milk.
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3. Food production and preservation: Bacteria, biofilm food processing

3.1. Introduction

Early 19" century, the initial steps in food microbiology neetaken by Louis Pasteur, who
was the first to acknowledge the presence and oflemicroorganisms in food by
demonstrating that the souring of milk was causganicroorganisms (Jagt al, 2005). At
the end of the same centuBglmonellawas isolated for the first time from a food poismn
outbreak (Griffith, 2006). Bacteria present in fdoalve several roles. They can be beneficial
for the food production process (starter cultured hiopreservatives) or for human health
(probiotics), but they can also cause spoilag®@odlfor be pathogenic.

The food industry strives to 1) avoid and eliminatstamination with spoilage or pathogenic
microorganisms, and Il) minimize or inhibit micrabigrowth during processing and storage.
Several techniques applied in the food industrybased on affecting intrinsic, extrinsic and
implicit factors. Intrinsic factors are parametessich are inherent to the food product such as
pH, water activity (@), redox potential, nutrient content (water, enespurce, nitrogen
source, minerals, vitamins), natural antimicrolwamponents€.g. lysozyme in egg white)
and biological structure® (.skins of fishes and carcasses, peels of vegetabtefuits, ...).
Extrinsic factors include parameters of the surdioig environment, namely temperature,
relative humidity and atmosphere composition. Timplicit factors comprise the mutual
interactions among the members of the microbial momty. To avoid contamination the
food industry applies hygienic programs based omakth Analysis - Critical Control Point
(HACCP) evaluation. HACCP can be defined as a nustlogy that identifies, evaluates, and
controls hazards that are significant for food saf@acxsenst al, 2009).

In this thesis, a limited number of bacterial speaivas used. They are a model for some of
the roles bacteria may have in food. The extrinfsictors temperature and modified
atmosphere were explored, as these can be corsidarghe primary extrinsic factors

influencing microbial growth (Montville & Matthew2007).

3.2. Bacteria

In this work, three important foodborne pathogererenused as model organisms in the
experiments, namelgalmonellaspp., human pathogeric coliandL. monocytogene8ased
on a Belgian study in which foodborne zoonoses wareritized, these pathogens were
classified in the “most important” group (Cardosnal, 2009). Furthermore?seudomonas
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putida and Lactobacillus sakeisubsp. sakei were used as model donor organisms,

representing other roles that bacteria presergad tan have.

3.2.1Salmonellaspp.

The genusSalmonellacomprises two specieSalmonella entericand Salmonella bongoyi
which together contain more than 2500 serovars. §pexiesS. entericais divided in 6
subspecies. The subspectsentericasubsp.entericais involved in the vast majority of the
Salmonellanfections in mammals and birds. Strains of theeosubspecies only sporadically
cause infections and are considered commensalslddbtooded vertebrates (Katriket al,
2009). The same is true f&. bongori(Giammancoeet al, 2002). It is already known for a
long time thatSalmonellas a causative agent for foodborne disease. 10,188 as found the
causative agent of a food poisoning outbreak (B1jfR006). In 2005, reporting of foodborne
outbreaks became mandatory in the EU (EFSA, 20D6)the time period 2005-2011,
Salmonellawas the most frequent causative agent of foodbautbreaks in the EU.
Figure 1.4 shows an overview for the time perio®72Q011 of the number of confirmed
human salmonellosis cases, case fatality rates,beurof verified or strong evidence
foodborne outbreaks and the food implicated indhastbreaks. Eggs and derived products
are responsible for the majority of tBalmonellaassociated foodborne outbreaks in Europe
(Figure 1.4). The case fatality relatedSalmonellainfections is low, staying far below 1%.
Clinical symptoms caused [Salmonellaare amongst others nausea, vomiting, fever, chills
abdominal pain, myalgias, arthralgias and head&Shachez-Vargast al, 2011). Usually
the symptoms are mild in nature and tBalmonellainfection is self-limiting. However,
sometimes more serious conditions appear and coesty effective antibiotic treatment is
crucial. Obviously, antibiotic resistance can jeojpge these antibiotic treatments. In
Salmonellathe degree of antibiotic resistance depends ersé¢hotype (Set al, 2004). For
example,S. entericaserovar Enteritidis is a rather susceptible s@mtywhile S. enterica
serovar Typhimurium is rather a resistant serot(®e et al, 2004). Salmonellaacquires
resistance genes primarily via plasmids and clasgefrons (Alcaineet al, 2007). Michael

et al. (2006) gives a comprehensive overview of the t@&ste genes, which were detected in

Salmonellatheir mode of action and their location in theteaal genome.
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other foodstuff
21.9%

eggs and egg products,
42.0%

2007
Confirmed human cases: 151995

Case fatality: -
Strong evidence/verified outbreaks: 590

pig meat and other

mixed or buffet meal: products thereof, 4.7%
5.9%

broiler meat and products

other or mixed red meat ~ thereof, 3.9%
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other food stuffs, 16.9% eggs and egg products,
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Confirmed human cases: 131468

Case fatality: 0.2%

Strong evidence/verified outbreaks: 490

bakery products, 13.5%

unknown, 8.4%
pig meat and other
mixed or buffet meal products thereof, 7.1%
6.3%

Figure 1.4. Salmonellaspp.: Overview of the number of confirmed humaregathe case
fatality rates, the number of verified or strongdence foodborne outbreaks and distribution
of food implicated in these outbreaks (2007-20EFSA/ECDC 2009a, 2009b, 2010, 2011,

2012, 2013).
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3.2.2 Escherichia coliwith focus on Shiga toxin produciri coli

AlthoughE. coliis a known commensal inhabiting the intestinadttcf humans and animals,
pathogenic variants do occur. A distinction cannisede between diarrheagenic or intestinal
pathogenicE. coli (IPEC) and extraintestinal pathogertic coli (EXPEC). Based on their
pathogenic features, 6 pathotypes can be distihgdimmong the intestinal pathogekic
coli, namely enteropathogeni&. coli (EPEC), enterohaemorrhagiE. coli (EHEC),
enterotoxigenick. coli (ETEC), enteroaggregativie. coli (EAEC), enteroinvasivée. coli
(EIEC) and diffusely adhereifi. coli (DAEC) (Nataro & Kaper, 1998). The extraintestinal
pathogenicE. coli causes for example neonatal meningitis, urinaagttinfection, sepsis,
pneumonia and surgical site infections (Sneitlal, 2007). We will focus in this thesis on the
Shiga toxin-producinge. coli (STEC), a heterogenous subgroupEofcoli, which have the
production of Shiga toxin, also called verocytotgxin common. STECH, coli O157:H7)
was first associated with a foodborne outbreakd®@2l(Rileyet al, 1983; Wellset al, 1983).
Although more than 380 different STEC serotypesehbeen isolated from humans with
gastrointestinal disease, the majority of humaresasppear to be associated with only a
limited number of STEC serotypes (Karmetlial, 2010). Since 2008, the number of reported
human STEC infections has been increasing in thd EREA/ECDC, 2013). In 2011, there
was an extensive outbreak of STEC O104:H4 in Geymadmch also affected 14 EU member
states and the United States (EFSA/ECDC, 2013)s ©hibreak was associated with the
consumption of sprouts (Buchhadt al, 2011). The causative agent in this outbreak vmas a
E. coli O104:H4 strain which was extremely virulent. InN922f the patients haemolytic
uremic syndrome (HUS) developed (Fraetlal, 2011). On European level, the percentage of
HUS ranged between 2.5 — 6.8% in the time periddb2Z010 (EFSA/ECDC, 2007, 2009a;
2010, 2011, 2012). The Germa&n coli O104:H4 strain combined the virulence properties o
EAEC and STEC (Franlet al, 2011). This outbreak demonstrates the ease bghwhi
foodborne pathogens become more virulent and dasesuently pose a greater threat to the
community. Antibiotic resistance in Shiga-toxin guging E. coli has not received much
attention. A reason for this could be the contreyeabout antibiotic treatment of STEC
infections (Hilbertet al, 2012). It has been demonstrated that certaiiatitis, such as for
example fluoroquinolones and trimethoprim-sulfam&tdrole, can increase the risk of
developing HUS by inducing Stx production (McGannetnal, 2010). An association
betweenp-lactam antibiotic treatment of O157 infection ahd subsequent development of
HUS has also been shown (Smih al, 2012). Nevertheless, it has been reported that

antibiotic resistance in STEC is increasing sirtte @¢arly 1990s (although to a lesser extent
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compared to the dramatic increase in antibiotiéstasce inS. entericaand Campylobacter
spp.) (Threlfallet al, 2000). Buvenst al. (2010) demonstrated, by screening a Belgian STEC
collection, that both O157 and non-O157 strains faeguently resistant to ampicillin,
streptomycin, sulfonamide, and tetracycline. Furtieee, non-O157 strains were
significantly more resistant to the previous memtid antibiotics and to nalidixic acid,
kanamycin, chloramphenicol and trimethoprim. Thestmimportant elements for resistance
carriage and transfer iB. coli are antimicrobial resistance plasmids (Hilbetrtal, 2012).
Recently, the presence of a complex antibioticstasce locus encoding resistance to six
antibiotics (trimethoprim, streptomycin, sulfathade, kanamycin, neomycirfi-lactams) on
the virulence plasmid of an EHEC O263train was reported (Venturiet al, 2010). This
highlights the danger that antibiotic use can deetdor virulence determinants, which can

subsequently lead to an increased disease potential

3.2.3Listeriamonocytogenes

In the bacterial genus Listeria 10 species can be discerned

(http://www.bacterio.net/listeria.htnlThe vast majority of the humaiuisteria infections are

caused by.. monocytogeneslthoughListeria ivanovij Listeria grayi Listeria innocuaand
Listeria seeligerihave sporadically also been implicated in humdeaciions (Rocourtet
al.,1986; Perriret al, 2003; Guilletet al, 2010; Salimniat al, 2010).L. monocytogenesas
first identified as a human foodborne pathogen9811 causing an outbreak associated with
contaminated coleslaw in Canada (Schlethal, 1983). AlthoughL. monocytogenes a
relatively rare foodborne pathogen, it is of sigiaht concern because of the severity of
disease it can cause. Where it causes, generatigks, self-limited gastroenteritis in
immunocompetent persons, more severe conditionsrareuntered in immunocompromised
people. In invasive listeriosis typically bacteramwith or without an evident focus of
infection is observed, while in pregnant women cbeagions can include spontaneous
abortion, stillbirth, preterm delivery and neonatdéction (Drevets & Bronze, 2008)isteria
monocytogenemfections are also associated with high casditiatates. On European level,
the case fatality ranged between 12.7 and 20.5%ngluthe time period 2007-2011
(EFSA/ECDC 2009a, 2010, 2011, 2012, 2013).

Refrigerated ready-to-eat (RTE) food products aaetiqularly of concern as they have
general physicochemical characteristics that petmimonocytogeneso grow, and their
storage for extended times under cold temperatulews the psychrotolerant

L. monocytogeneso grow, while growth of many competing microorgamns is inhibited
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(Chan & Wiedmann, 2009). An aspect that contribticethe contamination of RTE food is
the fact thal.. monocytogenesay be persistently present in a food processmwg@ment
for months or years (Tompkin, 2002). In clinical monocytogenestrains multidrug
resistance is seldom observed and acquired resgstara recent phenomenon (Monedral,
2010).While clinical isolates appear to remain susceettbl clinically relevant antibiotics at
this time, the number of reports concerning resao an expanding spectrum of clinically
relevant antimicrobial agents in strains isolatexht the food chain are increasirgllén et
al., submitted) The antibiotic resistance mechanisms observdd monocytogenemvolve
the acquisition of plasmids and conjugative trassps by means of conjugation and the

presence of efflux pumps (Lungt al, 2011; Allenet al, submitted).

3.2.4 Pseudomonaputida

Pseudomonas putidgpically inhabits soil and water. In the food ustry, this species can be
associated with spoilage of meat, milk or fish (WWéid et al, 2000; Boulare®t al, 2013;
Doulgeraki & Nychas, 2013). Human infections &f putida are mostly acquired
nosocomially (reviewed by Carpentet al, 2008). Molinaet al. (2014) have recently
characterized the antibiotic resistant determinasftsan exceptional multidrug resistant
clinical strain, which was resistant to 28 of tHet8sted antibiotics. The strain was resistant to
4 fluoroquinolones, 5 aminoglycosides, @lactams, 2 polymyxins, nalidixic acid,
erythromycin, tetracycline, trimethoprim, chlorarepicol, sulfonamide, vancomycin,
esperamicin and susceptible to amikacin, rifamparid nitrofurantoin (Molinat al, 2014).
The antibiotic resistant determinants were locatethe chromosome as well as on a plasmid.
Resistance to quinolones/fluoroquinolones and wcatiantimicrobial peptides was encoded
chromosomally, while resistance to aminoglycosidesgtracyclines, p-lactams,
chloramphenicol was encoded both chromosomally @amndhe plasmid. The plasmid also
contained resistance determinants to sulfonamidésliria et al, 2014). Although the
plasmid was not conjugative nor mobilizable recambon events with the helper plasmid
were observed. Sequencing data indicate that tinesnshas been in contact and has

exchanged DNA with environmental and clinicallyensnt bacteria.

3.2.5Lactobacillussakei

AlthoughLb. sakeican be involved in spoilage, it is in general cdeed to be beneficial due
to its role in meat fermentation and meat pres@wmaflhe spoilage potential of this species

has been demonstrated for example with brined gisriamd sliced cooked ham where it was
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associated with contamination during processingn@ia et al, 1998; Mejlholmet al, 2008,
2012). Spoilage of refrigerated meat products layidaacid bacteria can be associated with
off-odors and off-flavors, discoloration, gas protion, slime production and a decrease in
pH (Borchet al, 1996). Although fermentation contributes to th@que taste, aroma or
texture of certain food products, this was notoitiginal purpose. Fermentation was initially
executed for preservation of food (Caplice & Fitade, 1999). Biopreservation serves the
extension of shelf life and improvement of foodesgfby using microorganisms and/or their
metabolites (Ros®t al, 2002). The potential of biopreservation by ladicd bacteria,
including Lb. sakei has been reviewed for seafood (Ghanbkaml, 2013), vegetable foods
(Settani & Corsetti, 2008) and meat (Castellahal, 2008). The specidsh. sakeihas been
divided in two subspecietp. sakeisubsp.sakeiandLb. sakeisubsp.carnosus however a
recent study has suggested a profound revisionhef dubspecies definition based on
multilocus sequence typing (MLST) data (Chailleiual, 2013).Lb. sakeihas the qualified
presumption of safety (QPS) status. This involvesafety assessment of biological agents
intentionally added to food and feed based on fallars: establishing identity, body of
knowledge, possible pathogenicity and end use. Aege qualification for all bacterial
taxonomic units on the QPS recommended list isatteence of any acquired antimicrobial
resistance genes to clinically relevant antibioE&ESA, 2012). However, the presence of
antibiotic resistance genes located on mobile geréments has been demonstrated for
somelb. sakeistrains (Geveret al, 2003a; Ammoret al, 2008). Concerning lactic acid
bacteria, there is increasing evidence that theghtrplay an important role as reservoir of
potentially transferable antibiotic resistance ge(reviewed by Devirgiliiet al, 2013). An
increasing number of foodbornkactobacillus species carrying one or more antibiotic
resistance genes has been reported. The assocmtitiese resistance genes with mobile
elements as well as their possible horizontal feansere however not always investigated,

but if so tetracycline and erythromycin resistanege implicated (Devirgiliiet al, 2013).

3.3. Biofilms

In the food industry, biofilms represent a substdmiroblem. A biofilm can be defined as “a
microbially derived sessile community characteribgdcells that are irreversibly attached to
a substratum or interface or to each other, areedda in a matrix of extracellular polymeric
substances (EPS) that they have produced, andieahilaltered phenotype with respect to
growth rate and gene transcription” (Donlan & Casie, 2002). Biofilms in the food industry

can lead to high costs due to their possible domtion to food spoilage, equipment failure
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and dissemination of pathogens. Bacterial biofitmmfation can be considered as the result of
an interplay between features of the bacterialscdhie substratum and the surrounding
environment. During biofilm formation five stagesncbe distinguished: 1) initial attachment,
I) irreversible attachment, 11) early developmaeitbiofilm architecture, IV) maturation, and
V) dispersion (Figure 1.5). In the following sectj@ short overview of the basic principles of
the different stages is presented (Claatal, 2009).The transition from planktonic growth to
biofilm formation is induced by changes of enviramntal conditions and is associated with
alterations in gene regulation. Before biofilm fatmon takes place, conditioning of the
surface often occurs, which implies the formatidnacfilm of organic molecules in fluid
surroundings causing changes in the propertieeeoktibstratum. Initial attachment can only
take place once the organism is in close proximftghe substratum. This can be directed
passively by gravity, diffusion and fluid dynamics actively by bacterial cell surface
properties (Chmielewski & Frank, 2003). Weak forcesich as van der Waals and
electrostatic forces and hydrophobic interactiores iavolved in this initial and reversible
stage of biofilm formation. The second stage, ersible attachment, also called the
anchoring or locking stage is assisted by bacter@tility structures, such as flagella and pili,
bacterial surface proteins and the production of5ERfter this irreversible attachment,
development and maturation of the biofilm is endusg genotypic and phenotypic changes.
Microcolonies are formed when the bacteria startntoltiply within the EPS. Further
development of microcolonies gives rise to macroc@s. These contain a larger number of
cells, are divided by fluid-filled channels and dmmstrate a higher metabolic and
physiological heterogeneity, but are still enclosedthe EPS. The number of cells can
increase in the colonies by translocation of cefisthe surface, by the direct attachment of
planktonic cells or by cell division. Biofilm matition begins after irreversible attachment is
established and implies an increase in overallideasd complexity of the biofilm structure.
Detachment and dispersal are necessary for suranailcolonization of new niches. Erosion
and sloughing are two spontaneous detachment pexesErosion is the continual
detachment of small portions or single cells frdra biofilm, whereas sloughing implies the
rapid loss of large portions. Other detachment gsses are collisions between biofilm

carriers (abrasion), human intervention or grazing.
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Figure 1.5. Stages of bacterial biofilm formation. 1) initi@ttachment, 2) irreversible
attachment, 3) early development of biofilm ardttitee, 4) maturation, and 5) dispersion.
(Source: Marchanet al, 2012)

Biofilms demonstrate high antibiotic tolerance aasistance, which is caused by an interplay
of different mechanisms, such as restricted pem@trareduced growth rate, metabolic
heterogeneity within the biofilm, general stressponse, the presence of persister cekls (
dormant variants of regular cells that exhibit naiig tolerance (Lewis, 2010)), a specific
biofilm phenotype, quorum sensing, efflux pumps M&a O'Toole, 2001; Stewart, 2002;
Drenkard, 2003; de la Fuente-Nufedzal, 2013). There is a fundamental difference between
antibiotic tolerance and antibiotic resistance. iBiotic tolerance is a property of dormant
cells that survive killing by bactericidal antibict in the absence of drug resistance
mechanisms, while in antibiotic resistance theradgon of an antibiotic with a target is
prevented by a variety of resistance mechanismsif,e2010). Recent studies have
demonstrated that the transfer of antibiotic rasis¢ is higher under biofilm conditions than
under planktonic conditions (Henneqwhal, 2012; Savaget al, 2013). However, biofilms
are not only hotspots for horizontal gene trandjat,there is also an interconnection between
biofilm formation and stabilization and horizontgéne transfer (reviewed by Molin &
Tolker-Nielsen, 2003 and by Madsenal, 2012). Several studies have demonstrated that the
presence of conjugative plasmids in Gram-negatiaetdsia stimulates biofilm formation

33



Chapter 1

(Ghigo, 2001; Dudleyet al, 2006; Reisnert al, 2006; Burmglleet al, 2008). Pili or
fimbriae encoded on the plasmid seem to be redplendike for example the F conjugative
pili as demonstrated by Ghigo (2001), the type IMigpas demonstrated by Dudley al.
(2006) or the type 3 fimbriae as demonstrated bylie et al, 2008. In Gram-positive
bacteria, which apply other conjugative mechanisimen Gram-negative bacteria, the
stimulating effect of conjugation on biofilm fornia has also been demonstrated (ketial,
2005). The presence of a conjugative plasmid howewmy also have a host-specific
negative effect on biofilm formation on solid, atitosurfaces. The study of Radet al.
(2013) indicated that the presence of conjugatiaemids in some species may facilitate tight

cell—cell attachment, favoring the formation ofl @ggregates (flocs) over biofilm formation.

3.4. Processing

One of the techniques that is being applied to rektthe shelf life of food products is
modified atmosphere packaging (MAP). MAP aims tduae or inhibite bacterial growth.
The application of MAP has been reviewed for a wideety of food products, such as meat,
fish and fishery products, fruits and vegetablesrydproducts, grains and mushroonesg(
Jayas & Jeyamkondan, 2002; Sivertseilal, 2002; Palaciost al, 2011; Arvanitoyannis &
Stratakos, 2012; Singtt al, 2012; Calelet al, 2013). Some of these reviews also took into
consideration the safety concern related to MARIpets as this technique could possibly
enable the growth of psychrotrophic pathogens. gasses mostly applied in MAP are
oxygen (Q), nitrogen (N) and carbon dioxide (G Oxygen is mainly being used in MAP
of fresh fruits and vegetables to allow these peotglto respire and in MAP of meat products
to maintain the red color (Church & Parson, 1995xygen at superatmospheric partial
pressure ( > 70 kPaJDmay inhibit, have no effect, or even stimulatevgth of different
microorganisms from the same genus (Artés & Aller{#5). Nitrogen is used as a filler
gas. Although it has no antimicrobial effect itsé@lforevents the growth of aerobic organisms
by replacing @. Carbon dioxide has a strong antimicrobial effeaising an extension of the
lag phase and a reduction in growth rate duringdgarithmic phase (Farber, 1991). Several
underlying mechanisms have been suggested: changelimembrane function, direct
enzyme inhibition or reduced enzyme reaction raietsacellular pH changes caused by
penetration of bacterial membranes, alterationshgsicochemical properties of cell proteins
(Farber, 1991). In general, Gram-negative bactena more sensitive to GOthan

Gram-positive bacteria (Church, 1994). As the stitylof CO, decreases dramatically with
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increasing temperatures, temperature plays an aqorole in the effect of CO(Farber,
1991).

Low temperature itself can also be applied as agovation technique. Reducing temperature
slows the rates of chemical reactions and the droweft microorganisms (Farkas, 2007).
Bacteria are classified based on their optimal ¢gjna@mperature, namely the psychrophiles,
the mesophiles and the thermophiles. A specialgera the psychrotrophs which are able to
grow at temperatures between 0 and 7 °C, althobgi are in fact mesophiles (Jay al,
2005). An important psychrotropic foodborne pathogel. monocytogenedn general, it
grows very slow at temperatures below 4 °C. When tdmperature however rises above
4 °C, the growth rate increases and the lag pheseases considerably. The risk that comes
along with storage at slight abuse temperaturtgeigfore increased &s monocytogenesan
grow to numbers which pose a possible threat toamunealth.

Low temperature can also have an influence on iatitbresistance transfer, as has been

mentioned in section 2.3.
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4. Objectives

The spread of antibiotic resistance results fromirdarplay of factors between humans,
animals, food and environment. In case of antibiogisistance transfer to humans through
food, the food production chain does not only pdagassive role but it also affects survival
and growth of antibiotic resistant bacteria andgfar of antibiotic resistance genes.

This PhD research aims at providing more insighd the acquisition and dissemination of
antibiotic resistance during food production andsgrvation as this has not yet been studied
extensively. This was done by applying several gfieation techniques (plating and flow
cytometry), using both a Gram-negative as a Grasitipge model system, with bacteria
having a specific role in the food industry and dpnsidering food production and food

preservation aspects (Figure 1.6).

The aim ofChapter 2 was to study the transfer of a multiresistance rpids which was
originally isolated from a wastewater treatmennpléo the foodborne pathogei&almonella
spp. andk. coli O157:H7. Two quantification methods, plating aholvf cytometry, were

applied. Antibiotic resistance profiles of recipgi®and transconjugants were determined.

Integrons represent an interesting mechanism byclwliacteria can capture antibiotic
resistance genes. I€hapter 3, the presence of integrons in a Belgian collect@n
Shiga-toxin producinde. coli, the most significant group of emerging foodbopaghogens,
was explored and further characterized. The anithicesistance of integron-positive

and -negative strains was compared.

Biofilms are a significant problem in the food irsdity. It is therefore important to analyze to
which extent and at which frequencies plasmid feansiay occur in these structures. This
was the objective aChapter 4, using a reactor in which three biofilm modelgresentative

for biofilms in the food industry, were integratd®l. putidg a model for spoilage organisms,

was used as donor aid coli, a model for foodborne pathogens, as recipient.

The food industry increasingly uses minimal prooegs$echniques to provide the consumer
high quality food, which also possesses a sufftydong shelf life. Techniques often used to
achieve this are low temperature and modified aphere packaging. How these techniques

influence plasmid transfer was the subjecCbiapter 5. A Gram-positive model was used
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with the donorLb. sakeisubsp.sakej as model for spoilage organisms and the well-kmow
foodborne pathogeh. monocytogeness recipient. Cooked ham was used for the vatidati

of plasmid transfer under MAP. In a last step, lowculum densities were applied to
approach a more realistic situation.

In Chapter 6 the obtained results are discussed in light offénm to fork concept, starting

from the primary production up to the consumer,lofed by a discussion on the

methodology. Finally, some conclusions are drawn.
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Figure 1.6. Schematic overview of the different research avapThe spread of antibiotic
resistance results from an interplay of differemttbrs. In this doctoral work, the interplay
between environment, primary production, food pssggy and consumer was considered. In
Chapter 2, the transfer of an environmental plasmid to fomdle pathogens, isolated from
humans, food or animals was analyzed (Model orgasi®. putida, Salmonellapp. andE.
coli O157:H7). InChapter 3, a collection of Belgian Shiga toxin producingdséli, isolated
from humans, food or animals was screened for tlesgmce of integrons. IGhapter 4,
plasmid transfer in biofilm models representatige the food industry was examined (Model
organisms:P. putidaand E. coli). In Chapter 5, the influence of preservation techniques on
plasmid transfer was explored (Model organismish. sakei subsp. sakei and L.
monocytogenes
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The topic of this chapter is the interplay betweearmironment and foodborne pathogens. The
transfer of a multiresistance plasmid, originalgolated from a wastewater treatment plant,
to foodborne pathogens was investigated by plaéindg flow cytometry. Subsequently, the

expression of the acquired resistance genes itrdmsconjugants was inspected.

Chapter 2

Strain-specific transfer of antibiotic resistance
from an environmental plasmid

to foodborne pathogens

Chapter redrafted after:

Van Meervenne E Van Colllie E, Kerckhof FM, Devlieghere F, HermbanDe Gelder LSP,
Top EM, Boon N (2012). Strain-specific transfer ahtibiotic resistance from an
environmental plasmid to foodborne pathogelmirnal of Biomedicine and Biotechnology
2012834598.
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Abstract

Pathogens resistant to multiple antibiotics areidigpemerging, entailing important
consequences for human health. This study investigaif the broad-host-range
multiresistance plasmid pB10, isolated from a waater treatment plant, harbouring
amoxicillin, streptomycin, sulfonamide and tetrdoye resistance genes, was transferable to
the foodborne pathoger@lmonellaspp. orE. coli 0157:H7 and how this transfer alters the
phenotype of the recipients. The transfer ratio watermined by both plating and flow
cytometry. Antibiotic resistance profiles were detmed for both recipients and
transconjugants using the disk diffusion methodr Bd of the 15 recipient strains,
transconjugants were detected. Based on platiagsfer ratios were between 6.8 x°14nd

3.0 x 10°while using flow cytometry, transfer ratios werevbeen <1.0 x 18 and 1.9 x 18.
With a few exceptions, the transconjugants showeengtypically increased resistance,
indicating that most of the transferred resistageees were expressed. In summary, we
showed that an environmental plasmid can be trenesfento foodborne pathogenic bacteria
at high transfer ratios. However, the transferorattemed to be recipient strain dependent.
Moreover, the newly acquired resistance genes cauid antibiotic susceptible strains into
resistant ones, paving the way to compromise humeaith.
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1. Introduction

The extensive use of antibiotics in human and wedey medicine and its prophylactic and
growth promoting use in agriculture and aquacultuage lead to a huge rise of antibiotic
resistant bacteria (Hamer & Gill, 2002; Cabellop@0Walsh & Fanning, 2008) and an
increase of antibiotic resistance genes in thezbatal gene pool.

Antibiotic resistance in bacteria can be intrirmi@cquired. In the case of intrinsic resistance,
bacterial strains are inherently resistant to @aagercompound and the resistance cannot be
transferred horizontally (Fajarde al, 2008). Acquired resistance occurs by mutation@nd
horizontal gene transfer events. The main mechanisf horizontal gene transfer are
conjugation (mobile genetic elements are beingsteared from a donor to a recipient cell),
transformation (uptake of naked DNA) and transdurctifbacteriophages as transporters of
genetic information). Conjugation is consideredhesprincipal mode for antibiotic resistance
transfer since many antibiotic resistance genessauated on mobile elements such as
plasmids and conjugative transposons. Conjugatiobroad-host-range plasmids enables
DNA to be transferred over genus and species b®rdehereas transformation and
transduction are usually more limited to the sapeces (Mathur & Singh, 2005). When
considering a medical point of view, the transférntibiotic resistance determinants from
environmental bacteria to pathogens is of utmospomance, and it is clear that
environmental bacteria should not be seen as desb@htibiotic resistance determinants
because of the physical distance between theserlzaeind clinical settings (Mooret al,
2010). A recent study suggests that infected p@tianight enhance the spread of
plasmid-encoded fitness, virulence and antibioéisistance determinants as inflammation
elicits concomitanSalmonellaand Escherichia coliblooms, which can strongly raise donor
and recipient densities in the gut, thereby bogshorizontal gene transfer (Stechedral,
2012).

The aim of this study was to investigate if an emvinental multiresistance plasmid can be
transferred to two model Gram-negative foodborragqgens, that ar&Galmonellaspp. and

E. coli O157:H7. It is generally agreed that Gram-negabi@eteria pose the greatest risk to
public health as the increase in resistance of Gragative bacteria is faster than in
Gram-positive bacteria and as there are fewer neav developmental antibiotics active
against Gram-negative bacteria (Kumarasairgl, 2010).

To determine the transfer ratio, the transconjugardre analyzed by both plating and flow

cytometry @fp as the reporter gene). The application of flononytry for the detection and
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quantification of plasmid transfer was first debed and evaluated by Sgrenst¢ml. (2003).
Since then, this technique has been applied fogtiamtification of transconjugants in other
studies (Booret al, 2006; Musovicet al, 2006; Shintanet al, 2014). The extent to which
the phenotype of the transconjugants was influgneems analyzed by determining the

antibiotic resistance profiles against five antilw® for the recipients and the transconjugants.

2. Material and Methods

2.1. Bacterial strains, plasmid and growth conditions

The plasmid donor strain wa3seudomonas putidatrain SM1443, a KT2442 (SM1315)
strain with the mini-TB-lacl? cassette inserted into the chromosome (Christepse,
1998). Thelacl? repressor cassette prevented the expression ajffphgene in the donor
(Figure 2.1).

The plasmid used in this study was the broad-resge plasmid pB10. This plasmid,
belonging to the IncP#l subgroup, was isolated from a wastewater treatmpénit and
contains resistance to the antibiotic agents anlbxjcstreptomycin, sulfonamides and
tetracycline and to inorganic mercury ions (Dr@jeal, 2000). To mark the plasmid with a
ofp gene and apt gene (kanamycin resistance gene, Km) (Figure 2nBgrtion of the
Mini-Tn5-Km-Pa1-04/03:9fp cassette was performed in two steps. First, argigal mating
was performed in which the helper plasmid RK600s@{eret al, 1992), present ik. coli
HB101, mobilized the delivery plasmid pJBA120, @ning the mini-TH cassette, from the
donorE. coli MV1190(.-pir) (Andersenet al, 1998), into the rifampicin resistant recipient
P. putida UWC1 harbouring pB10. P. putida UWC1 derivatives with the
Mini-Tn5-Km-Pa1-04/03:9fp cassette inserted either in the chromosome orBhOpwere
obtained by selection in Luria Bertani (LB) brottO(g tryptone, 5 g yeast extract and 5 g
NaCl per litre) with 10 pg tetracycline rL50 ug kanamycin nmit.and 100 ug rifampicin
mL™. In the second stegfp-marked plasmids were obtained by matingRh@utidaUWC1
derivatives withRalstonia eutrophdMP228n (De Geldest al, 2005). Selection on LB agar
plates with 10 pg tetracycline nf.50 pug kanamycin nitand 100 pg nalidixic acid mt
resulted in JMP228n clones carrying pB10 containirg randomly inserted
Mini-TnN5-Km-Pa1-04/03::9fp cassette. Subsequently, one clone, designated
JMP228n (pB10gfp), was mated witle. coliMG1655 to obtairke. coliMG1655 (pB10gfp)
after selection on LB agar plates with 10 pg tetchoe mL* and 50 pg kanamycin rilat
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43 °C. Ultimately, this strain was mated with putidaSM1443 to obtain the donor strain for
the experiments?. putidaSM1443 (pB10gfp), after selection on LB agar plates with 10 pug
tetracycline mL%, 100 pg rifampicin mttand 50 pg kanamycin niat 28 °C.

npt Plac  gfp
I <« >

&)

lacld plasmid

donor recipient

transconjugant

Figure 2.1. Principle of thegfp reportersystem. The donor strain contains chromuaty a
lacl® repressor preventing the expression of tifp gene located on the plasmid. After
plasmid transfer thgfp gene is expressed in the transconjugant cell, vbansequently can
be detected by flow cytometry.

The recipient strains were Xalmonellaspp. and fiveE. coli 0157:H7 strains (Table 2.1).
The tested &monellaserovars belong to the most frequently occurBagmonellaserotypes
in human salmonellosis in Europe, withalmonella entericasubsp. enterica serovar
Enteritidis andSalmonella entericasubsp.enterica serovar Typhimurium being the most
frequent (EFSA/ECDC, 2010). None of the fizecoli O157:H7 strains carriestxl andstx2
genes. For one strain (LFMFP 476), no addition&rmation on the presence of other

virulence genes was available, but the four otlrairs all carried theaeandehxgenes.
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The recipient strains were first tested on thedtility to grow on kanamycin (50 pg rit)
containing plates as this antibiotic was used dsctBee marker to detect transconjugants
harbouring pB10gfp.

Donor and recipient strains were all grown in LB®tbr For all solid media, 1.5% agar was
added.P. putidawas incubated at 28 °Galmonellaspp. ancE. coliat 37 °C. To maintain
the plasmid in the donor and the transconjugantgig®anamycin mt: was added to the

medium.

Table 2.1. Overview of the recipient strains (ILVO laboratoopllection and LFMFP
laboratory collection).

Strain Species Serovar / Serotype Origin

MB 1139 Salmonella enterica Enteritidis Poultry

MB 1410 Salmonella enterica Enteritidis Egg

MB 1561 Salmonella enterica Enteritidis Poultry (transport)
MB 2264 Salmonella enterica Typhimurium Human

MB 2265 Salmonella enterica Typhimurium Human

MB 2272 Salmonella enterica Typhimurium Human

MB 2292 Salmonella enterica Typhimurium Human

MB 1641 Salmonella enterica Hadar Poultry (cecal drop)
KS 1-1 Salmonella enterica Infantis Poultry (house)
KS 87 Salmonella enterica Virchow Poultry (house)
MB 3885 Escherichia coli O157:H7 Beef (carpaccio)
MB 3890 Escherichia coli 0157:H7 Human

MB 4021 Escherichia coli O157:H7 Bovine (carcass)
MB 4260 Escherichia coli 0157:H7 Non-human
LFMFP 476 Escherichia coli 0O157:H7 Bovine (faeces)

2.2. Filter mating

Mating experiments were conducted in triplicateoltgical replicates) on 0.22 pm
polycarbonate filters (25 mm diameter) (Whatman,)URhe donor and recipient cultures
were grown overnight and washed twice with steshldine (0.85% NaCl) to remove
antibiotics. The OByonm Was adjusted to 0.25-0.35 (approximately &6lls mL?Y) for both
donor and recipient strains. Seventy-five uL ofhbdbnor and recipient was diluted in 2 mL
of sterile saline and distributed evenly over thterf using a Swinnex device (Millipore,
USA). The filters were transferred to LB agar ptatnd incubated overnight at 28 °C.
Afterwards, the filters were submerged in 5 mL itesaline and vortexed twice for 1 min.

The suspended bacteria were analyzed by plate inguft = 1) and by flow cytometry
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(n = 3). For the plate counting, LB plates, whiadnt@ined kanamycin, were incubated at
42 °C. The presence of the antibiotic counter setetor the recipient strain, while the high

temperature counter selected for the donor stite. transfer ratio was determined as the
number of transconjugant CFU per total cell codiainEr, recipient and transconjugant cells),

as determined by flow cytometry.

2.3. Flow cytometry analysis

Diluted bacteria were detected and quantified vatiCyan ADP Flow Cytometer (Dako,
Denmark), using the 488 nm laser. The dilutiondacanged from 1000 to 2500. Dilutions
were made with filter sterilized Evian water. Eaample consisted of 980 pL of the diluted
sample, 10 pL N&DTA (500 mM, pH8) and 10 pL Dako Cytocount beatlsese beads
were used to determine the cell concentration. IGfeerescence emission was collected
with a photomultiplier tube using a 530/40 emisdiitter, for PE 585 fluorescence a 575/25
emission filter was used and side scatter lightQ)S8as collected using a 488/10 emission
filter. The sheath fluid consisted of Milli-Q wateFhe threshold trigger was set to SSC. The
analysis of a sample was done by collecting datd®0 000 events in threefold. Summit v4.3
software was used to process the results. Pungreslof donor, recipient and transconjugant
were analyzed by flow cytometry to set the gate thstinguish between the transconjugant
population and the donor and recipient populatioracGreen Log versus PE 585 Log plot.
When the transconjugants of a specific filter mgtsample could not clearly be visually
detected on the plot, their number was considedbd below the detection limit
(<1 x 10° transconjugants per total cells). The transféo nabs determined as the number of

transconjugant cells per total cell count.

2.4. Antibiotic susceptibility screening

The antibiotic susceptibility of the recipients amghsconjugants was determined by using the
disk diffusion method according to the Clinical ababoratory Standards Institute (CLSI)
guidelines for five antibiotics (amoxicillin, kanawgin, streptomycin, sulfonamides and
tetracycline) (CLSI, 2009). The visual turbidity tife bacterial isolates was adjusted to a
0.5 McFarland standard in sterile saline. The susipa was plated on a Mueller-Hinton agar
plate (Oxoid, UK) and antibiotic disks (Oxoid) weapplied on the plate. Inhibition zone
diameters were measured after incubating the pthtesg 16-18 h at 37 °C. Classification as
“susceptible”, “intermediate resistant” or “resrdfa was based on the inhibition zone
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diameters according to CLSI guidelings. coli ATCC 25922 was used as quality control
strain to monitor the performance of the suscegiliesting.

2.5. Molecular confirmation of plasmid transfer

Transfer of the plasmid pB1@fp was confirmed by PCR. DNA from the recipient and
transconjugant strains was obtained by an alkdlyses method. For each strain, a few
bacterial colonies were suspended in 1 mL Ringertisn. After centrifuging the sample for
two minutes at 1400@, 100 uL sterile water was added to the pellet. Samples were
incubated for 15 minutes at 90 °C and subsequesthyrifuged for one minute at 14000
Fifty uL of the supernatant was kept at -20 °C.

The PCR reaction was performed with the prime#s tifv and trfA_rev to amplify a 281 bp
fragment of the replication initiation gertefA, encoded by the plasmids previously
described (Bahket al, 2009). These primers are specific for plasmidorigeng to the
IncP-1o, B, € subgroups. The PCR amplification products wereatet by electrophoresis on
a 1% agarose gel in Tris-Acetate-EDTA (TAE) bufferd visualized by ethidium bromide

staining.

3. Results

3.1. Characterization of the recipient strains

Before starting the conjugation experiments, thébanic susceptibility profiles of the
recipient strains and presence of IneR{1, ¢ plasmids were determined (Table 2.2). The
threeS. Enteritidis strains were susceptible to the testetibiotics, except one (MB 1139),
which displayed an intermediate resistance to kgpgamThere was much more variation in
the antibiotic susceptibility profiles of th8. entericaserovarTyphimurium strains. The
S. entericaserovarTyphimurium strain MB 2264 was resistant to therfaatibiotics which
are indigenous to the plasmid but susceptible toak®/cin, while S. entericaserovar
Typhimurium strain MB 2265 was susceptible to é antibiotics. The two oth&. enterica
serovarTyphimurium strains (MB 2272 and MB 2292) showedis&@ance to, respectively,
one (amoxicillin) and two antibiotics (amoxicillimnd sulfonamides). Thé&almonella
entericasubsp.entericaserovar Hadar strain MB 1641 was susceptible takemin and
sulfonamides. The strains 8almonella entericaubsp.entericaserovar Infantis KS 1-1 and

Salmonella entericasubsp.enterica serovar Virchow KS 87 were susceptible to all five
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antibiotics. All the recipienkE. coli strains were susceptible to the antibiotics testedept
strain MB 3890 which was intermediate resistargtteptomycin.

The absence of IncRxlp, € plasmids in the recipient strains was confirmedP@R as in
none of the 15 recipient strains a PCR fragmer84f bp, specific for IncPel B, € plasmids,

was detected (data not shown).

3.2. Plasmid transfer analyzed by plating

Suspensions, obtained after filter mating, weretepglaon LB plates supplemented with
kanamycin and incubated at 42 °C. Transconjugamt® Wwbtained for 13 of the 15 tested
strains (Figure 2.2). The strains that did notd/ighnsconjugants, wei®. entericaserovar
Enteritidis MB 1139 andb. entericaserovarHadar MB 1641. Repetition of the conjugation
experiments confirmed these results (data not shoWne otherSalmonellaspp. strains
resulted in transfer ratios ranging from 3.7 x"10 3.0 x 1¢ transconjugants per total cell
count. The highest transfer ratios were found fo& two remainingS. entericaserovar
Enteritidis strains (MB 1561: 3.0 x T0MB 1410: 9.1 x 10), followed by S. enterica
serovarVirchow KS 87 (7.2 x 10) andS. entericaserovarnfantis KS 1-1 (9.2 x 1), while
the lowest transfer ratios were observed forShentericaserovarTyphimurium strains, with
transfer ratios in the order of 10For MB 2265 a transfer ratio of 1.9 x@as observed,
which was the fifth highest transfer ratio found floe Salmonellaspp. strains tested. One of
the E. colistrains (MB 3890) had a similar transfer ratio (2.20°) as somealmonellaspp.

strains, while the other fol. coli strains had much lower transfer ratios {£010°).
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Table 2.2. Antibiotic susceptibility screening by disk difeusof the recipients (R) and the transconjugants YBlues represent inhibition zone
diameters (mm)

Strai Kanamycin Amoxicillin Streptomycin Sulfonamides fiaatycline
rain R T R T R T R T R T
S. entericaserovalEnteritidis (MB 1139) 17 * 28 * 15 * 20 * 23 *
S. entericaserovalEnteritidis (MB 1410) 20 <7 20 7 17 13 20 <7 21 <7
S. entericaserovalEnteritidis (MB 1561) 21 <7 27 7 18 13 22 <7 22 <7
S. entericaserovarTyphimurium (MB 2264) 19 <7 <7 <7 8 8 <7 <7 9 <7
S. entericaserovaiTyphimurium (MB 2265) 20 <7 26 7 15 14 20 <7 21 <7
S. entericaserovarTyphimurium (MB 2272) 20 <7 <7 <7 15 12 25 <7 21 <7
S. entericaserovaiTyphimurium (MB 2292) 19 <7 <7 <7 15 13 <7 <7 20 <7
S. entericaserovaiHadar (MB 1641) 18 * <7 * 9 * 21 * <7 *
S. entericaserovainfantis (KS 1-1) 19 <7 25 7 15 12 19 <7 19 <7
S. entericaserovairchow (KS 87) 19 <7 26 7 15 12 21 <7 20 <7
E. coliO157:H7 (MB 3885) 21 <7 22 7 16 13 24 <7 22 <7
E. coliO157:H7 (MB 3890) 18 <7 21 7 14 14 24 <7 20 <7
E. coliO157:H7 (MB 4021) 21 <7 21 7 18 15 24 <7 21 <7
E. coliO157:H7 (MB 4260) 19 <7 20 7 15 13 24 <7 20 <7
E. coliO157:H7 (LFMFP 476) 19 <7 22 11 15 14 24 <7 21 <7

Bold: considered as resistant according to CLSI guideli
Italic: considered as intermediate resistant accordit@)-®l guidelines.
*. no transconjugants obtained.
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Figure 2.2. Transfer ratio, expressed as number of transcanjisy per total cell count,
determined by plating (n = 1) (black bars) and lowf cytometry (n = 3) (grey bars) for the
15 recipient strains. The dashed line represergsditection limit of flow cytometry.

3.3. Plasmid transfer analyzed by flow cytometry

The conjugation efficiency was also assessed by ¢ftometry, because this method allowed
a rapid and culture-independent screening of tdevithual transconjugant and parental cells
(Figure 2.3). Using the same mating mixtures asrde=d above, transconjugants could be
detected for only five of the 15 tested strainse do the rather poor detection limit
(Figure 2.2). These strains were Stimonellaspp., more specificallys. entericaserovar
Enteritidis (MB 1561: 1.9 x 1§ MB 1139: 2.5 x 10, MB 1410: 1.9 x 1), S. enterica
serovar Virchow (1.5 x I%) andS. entericaserovar Infantis (1.2 x ). No transconjugants
could be obtained by plating f&. entericaserovarEnteritidis MB 1139, while the four other
strains showed the highest transfer ratio deterthime plating. For the 10 other strains the
transfer ratio was below the detection limit (<1L& transconjugants per total cell count).

This is consistent with the low transfer ratiosadbed by plating (18 — 10°).
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Figure 2.3. Detection of transconjugants by flow cytometry. @lyzing pure cultures of
donor, recipient and transconjugant a gate wasosea Green Log versus PE 585 Log plot to
distinguish transconjugants.

3.4. Characterization of the transconjugants

To confirm that plasmid transfer had occurred andrtalyze which effect this transfer had on
the phenotype, the presence of the plasmid inrms¢onjugants and the antibiotic resistance
profiles of the transconjugants were examined. Jeanjugants were obtained for 13 of the
15 tested strains by plating (Table 2.2). As exgebcthe transconjugants were all resistant to
kanamycin (inhibition zone diameter <7 mm). Theiliion zone diameter of sulfonamides
and tetracycline was less than 7 mm for all thasitanjugants, meaning that they were all
completely resistant to these compounds. For anilaxithe inhibition zone diameter was
7 mm or less, except fdE. coli LFMFP 476 for which the inhibition zone diameterswva
11 mm. This value is still considered as resisgamabrding to CLSI guidelines. The decrease
in inhibition zone diameter was less pronouncedstoeptomycin. According to the CLSI
guidelines 11 of the transconjugant strains aresidemed to be intermediate resistant to
streptomycin, oneE. coli strain (MB 4021) remained susceptibl8. entericaserovar
Typhimurium MB 2264 was already resistant to amitlki¢c streptomycin, sulfonamides and
tetracycline before conjugation. Phenotypicallyis tstrain gained only the resistance to
kanamycin upon conjugation.

The presence of the pB10 plasmid in the transcamtsgwas confirmed by PCR. While none
of the recipient strains contained the fragment (above), the transconjugant strains all

showed a clear band of the expected size aftezlgefrophoresis (data not shown).
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4. Discussion

This study demonstrated that the broad-host-ratagapd pB10, carrying multiple resistance
genes, could be transferred to foodborne pathogedsr laboratory conditions and that this
event made the recipient strains antibiotic reststdhe results show that the antibiotic
resistance genes present in the general horizaggak pool can be transferred from
environmental strains to pathogenic organisms thmttthe transfer ratio is dependent on the
recipient strain. The role of natural environmemtsthe evolution of resistance traits in
pathogenic bacteria has recently been reviewedt{iha; 2009). Other studies examined the
conjugation between food related (pathogenic) bac{®ourshabart al, 2002; Geverst
al., 2003b; Mc Mahoret al, 2007a; Toomet al, 2009a), but to our knowledge there are
fewer studies describing the transfer from envirental strains to (foodborne) pathogens
(Bruunet al, 2003; D’Costeet al, 2006; Walslet al, 2011).

In this study high transfer ratios were encountength the highest transfer ratio in the
S. entericaserovaiEnteritidis strain MB 1561 (order of magnitude &L The plasmid used
in this study, pB10, is a broad-host-range plasrhidt could be transferred between
laboratory strains ofPseudomonassp. and E. coli, and from Pseudomonassp. to
Sinorhizobium meliloti at high transfer ratios with an order of magnituddé
10" transconjugants per recipient cells (Drageal, 2000). Four out of fivé&. coli 0157:H7
recipient strains showed lower transfer ratios thamse observed for th®almonellaspp.
strains. Recently, a study was published descrilbig dissemination of NDM-1-positive
bacteria in the New Delhi environment and its irog@ifions for human health (Walgh al,
2011). NDM-1-positive isolates containing thkaypm-1 gene, were circulating in New Delhi
as early as 2006 and plasmids carrying the gend&am up to 14 other antibiotic resistance
determinants. These authors found the presencéeobléypu-1 gene in non-fermentative
Gram-negative bacteria, like. putidg which were not previously reported to carry tese.
The transfer oblaypym-1 Was examined from bacteria, isolated from wasepage, to the
non-pathogenice. coli J53 and to clinical strains db. entericaserovarEnteritidis and
Shigella sonneiTransfer into thé. entericaserovar Enteritidis an8. sonnerecipients was
10 to 1000 times less efficient than into thecoli J53 lab strain. In our study, transfer was
more efficient in theSalmonellaspp. strains than in th&. coli strains. It has been
demonstrated that the donor affects the host rafgd10 in an activated-sludge microbial

community (De Geldeet al, 2005), and it has been posed that in generataaditions
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influencing the host, including the genetic backog of the host, might also influence the
frequency of plasmid transfer by conjugation (Korann, 2004).

For all strains, except foB. entericaserovarHadar, transconjugants could be detected by
plating and/or by flow cytometry. Other studiesoadhiowed tha$. entericaserovarHadar is
less receptive for mobile genetic elements thamrddalmonellaserovars (Sarowsket al,
2009; Franiczelet al, 2010). It could be that i8. entericaserovarHadar a yet unidentified
mechanism hinders the acquisition of plasmid DNAcbgjugation. Bacteria have developed
defense mechanisms protecting them from invadimgidoa DNA, some of which directly
target the incoming DNA such as restriction-mogifion systems or CRISPR/Cas systems.
In restriction-modification systems a methyltramage protects host DNA by modifying
specific nucleic acids, while the restriction enddease cleaves any foreign DNA containing
a specific recognition site, which has not previguleeen protected by the same modification
(Dupuis et al, 2013). Although restriction—modification systenact only against
double-stranded DNA, it has been demonstratedthigafrequency of transconjugants can be
reduced if the recipient has a restriction systemwtich the incoming plasmid is susceptible
(Thomas & Nielsen, 2005). However, a strategy tonteract this has been seen in IncP-1
plasmids, from which most restriction—modificatisites have been eliminated (Skippington
& Ragan, 2011). The clustered regularly interspastemit palindromic repeats (CRISPR), and
associated proteins (Cas) system provides bactetieaacquired immunity against viruses
and plasmids. In CRISPR loci short, partially pdfimmic DNA repeats that occur at regular
intervals, CRISPR repeats, alternate with variaglelguences, CRISPR spacers (Barrangou &
Marraffini, 2014). Spacers mostly correspond tonsewts of captured viral and plasmid
sequences (Horvath & Barrangou, 2010). The CRISP&ess and repeats are transcribed
and processed into small CRISPR RNAs (crRNAs) #mcify acquired immunity by a
sequence-specific mechanism. The prevention of npthstransfer in Staphylococcus
epidermidisby this system has been demonstrated by Marraftaontheimer (2008).

Two methods were used in this study for the deaiactiof transconjugants: a
cultivation-dependent (plating) and a cultivationtépendent method (flow cytometry). The
most important advantages of flow cytometry aret tihgprovides a rapid screening of
bacterial cultures, takes into account the nondcalile fraction of the bacteria and is less
labour intensive than plating. Other studies uskdv fcytometry in combination with
evolutionary algorithms to determine the optimatapaeters for transconjugant formation
(Boon et al, 2006) or in combination with automated cell saytiof green fluorescent

transconjugant cells (Musovet al, 2006; Shintanet al, 2014). This approach allowed them
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to identify the transconjugants (Musowtal, 2006; Shintanet al, 2014). However, in our
study the detection limit was rather high, so &rents could not be observed. For five of the
15 analyzed strains transconjugants could be detelby flow cytometry. With plating,
transconjugants were detected for 13 of the 15yaedl strains. There was one strain
(S. entericaserovarkEnteritidis MB 1139) for which transconjugants oolyuld be detected by
flow cytometry and not by plating, even after rgpdaconjugation experiments. In some
cases transconjugants cannot be detected by didhviaecause the cells enter into a viable
but non-culturable (VBNC) state (Boa@t al, 2006). In a previous study, a strain-dependent
influence of temperature on the VBNC state was do(@liver et al, 1995). These authors
found a different temperature influence for plasioéring cells and plasmid-free cells of
two Pseudomonasstrains, which was not seen in dh coli strain. Whenever no
transconjugants were detected by flow cytometrgun study, the transfer ratios determined
by plating were lower than or just around®1@hese findings indicate that although flow
cytometry offers many advantages, it is not alwtys method of choice due to its high
detection limit.

In the last step of this study, the antibiotic sémnce profiles of the transconjugants were
determined to verify whether the recipient phenetyyas altered by receiving the plasmid.
Transconjugants were obtained for 13 of the 15yaedl strains. All these transconjugants
showed a decrease in inhibition zone diameter famaknycin, indicating that they all
expressed the kanamycin resistance gene. For @ésenjal-encoded antibiotic resistances, the
strains showed complete resistance against amioxigulfonamides and tetracycline. For
streptomycin, only slight or no decreases in irtiohizone diameter were observed, resulting
in intermediate resistant strairts. coli MB 4021 remained susceptible according to CLSI
guidelines although there was a decrease in imtwbone diameter. Even though there can
be a fair to almost perfect agreement between tkasorement of minimum inhibitory
concentratiofMIC) values and the assessment of resistance gsitgstions occur in which
susceptible isolates carry the corresponding @sist genes (Rosengrenal, 2009). These
resistance genes may not be expressed if theyistandfrom the promoter or if they are
associated with a weak promoter in an integron. §dme occurs with free gene cassettes
which are not incorporated into an integron and e integron promoter which is required
for expression (Rosengreat al, 2009). An alternative explanation could be a MNC test
sensitivity as is known withadAgenes and streptomycin resistance (Rosergfrah, 2009;
Sunde & Norstrom, 2005). A poor agreement was fdugttveen genotypes and phenotypes

for streptomycin (66% agreement) in a previous \si{Rberlin et al, 2005). In the majority
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of cases, this disagreement was due to the presdraaeaadAgene in isolates classified as
susceptible to streptomycin. The streptomycin tasie in pB10 is situated on a truncated
Tn5393% streptomycin resistance transposon. This tramspa®ntains thestrA and strB
genes, which encode the two different streptomyciresistance proteins
aminoglycoside-3’-phosphotransferase and aminogiges6-phosphotransferase (Schliger
al.,, 2003). The association dtrA and strB normally leads to high-level expression of
streptomycin resistance (Boerkt al, 2005; Chiou & Jones, 1995). At the moment, has$

clear to us why the streptomycin resistance wadgutigtexpressed.

5. Conclusion

In this chapter, we demonstrate that an environahgrtismid was transferred to foodborne
pathogens Salmonellaspp. andE. coli O157:H7) under laboratory conditions. The studied
recipients contained 18almonellaisolates belonging to the five serovars whichtargeted

in the mandatorySalmonellacontrol programmes for breeding flocks Ghallus gallus
according to Commission Regulation (EC) No 1003R@Q®JEU, 2005a). In these five
serovars, and also in a few other serovars, resistagainst antibiotics of critical importance
in human medicine is observed more frequently timaother serovars (EFSA, 2009). The
detection of transconjugants was done by flow cyiynand by plating. Not only does this
transfer occur at rather high transfer ratios @uprder of magnitude 13), but the acquisition
of the plasmid also makes the pathogens resistamhultiple antibiotics. In worst case
scenarios, infections with these plasmid-mediatettb@tic resistant pathogens can lead to
exacerbation of the patient’s condition, treatnfartre and thus compromise human health.
Therefore, it is important to know if these plassn@hn be transferred to potential pathogens

and if these antibiotic resistance genes can beesged in the new hosts.
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In the previous chapter, plasmid transfer to foauteopathogens was investigated. Plasmids
can contain integrons which can also contributéhe dissemination of antibiotic resistance.
In this chapter a Belgian collection of Shiga tepiroducing E. coli is screened for the
presence of integrons, which are subsequently actaraed.

Chapter 3

Integron characterization and typing of
Shiga toxin-producingscherichia coli

(STEC) isolates in Belgium

Chapter redrafted after:

Van Meervenne E Boon N, Verstraete K, Devlieghere F, De Reu Krrikn L, Buvens G,
Pierard D, Van Coilie E (2013). Integron charaaion and typing of
Shiga toxin-producingscherichia colisolates in BelgiumJournal of Medical Microbiology
62: 712-719.
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Abstract

The presence of integrons and the antibiotic sudxkyy profiles of STEC strains isolated in
Belgium were analyzed. The collection contained 3@@ins, of which 225 were human
isolates and 81 originated from different food omaal sources. Integrons were detected by
PCR in 7.5% of the tested isolates and all wergsclaintegrons. The integron-positive strains
all belonged to the human collection. By RFLP, foifferent types (A, B, C, D, E) were
distinguished. The antibiotic resistance gene t&ssewere identified by sequencing
representatives of the five different types. Twpety of gene cassettes were found in different
combinations, one encoding resistance to streptospectinomycin and the other encoding
resistance to trimethoprim. One of the gene cassettesent was the less frequently detected
aadA23 Susceptibility profiling of the strains for 11 tdmotics was done by standard disk
diffusion assays. Among the 23 integron-positivaiss, 17 different antibiotic susceptibility
profiles were found. In the 283 integron-negatitraiss, 24 different antibiotic susceptibility
profiles were observed. The majority of these savere susceptible to all tested antibiotics
(n = 218, 77.0%). The integron-positive strains wagmificantly more resistant to eight of
the eleven tested antibiotics compared to the iotegegative strainsP&0.05). PFGE

profiles of integron-positive strains within seledtserogroups did not cluster together.
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1. Introduction

Besides being a commensal species in humans anthlanEscherichia colialso contains
strains that can cause disease. These pathogeaiosstan be divided into two groups,
intestinal pathogenikE. coli (IPEC) and extraintestinal pathogegiccoli (EXPEC) (Kohler &
Dobrindt, 2011). One subgroup of IPEC are the Shoyan-producingE. coli (STEC) or
synonymously the verocytotoxin-producing or verotgkigenicE. coli (VTEC). STEC are
considered as the most significant group of emegrgaodborne pathogens (Bolton, 2011),
causing different symptoms, ranging from uncompéidadiarrhoea to very serious illnesses
such as haemorrhagic colitis and haemolytic uraeymcdrome (HUS). A few hundred STEC
serotypes have been isolated from patients witlrgjatestinal disease, but only a few of
them seem to be implicated in the majority of hurdeseases (Karmadit al,, 2010).

Although antibiotic treatment remains controvergmaihe case of a STEC infection (Pambs
al., 2006; McGannoret al, 2010), antibiotics are often used in clinical qhi@e. It is
important to study how antibiotic resistance geneSTEC can be acquired and possibly be
transferred to other bacteria. One kind of geneligecnent that plays a role in the acquisition
and the dissemination of antibiotic resistance geisethe integron. Integrons were first
described in the late 1980s (Stokes & Hall, 1989)ey are immobile elements that can
capture, integrate and express or release genettesssintegrons can be divided into two
groups, the mobile integrons, which are associatétd mobile DNA elements such as
transposons and plasmids, and the chromosomalram&gwhich are associated with the
bacterial chromosome (Cambrat al, 2010). Based on the sequence of the encoded
integrases, five different integron classes cadibénguished among the mobile integrons, of
which only the first three are historically asstethwith the dissemination of multiresistance
(Cambrayet al, 2010). In Gram-negative pathogens, class 1 iotegare the most abundant,
followed by class 2 integrons and the rarely detkatlass 3 integrons (Stokes & Gillings,
2011). Class 1 integrons usually consist of twoseoved segments (5-CS and 3-CS)
between which one or more gene cassettes can égrated. In the 5-CS elements are
present for the integration and the expressiorhefgene cassette(s), nhamelyiathl gene,
encoding an integrase, a recombination attt and a common promoter Pc (Séesizal,
2010). In the 3'-CSjacE11 andsull genes are present, encoding resistance to quaterna
ammonium compounds and resistance to sulfonamiliesnget al, 2010). A gene cassette

consists of a gene and a recombination sit€;, by which the cassette can be integrated in
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the integron by site-specific recombination. Mohart 130 gene cassettes associated with
antibiotic resistance have been identified in inbegclasses 1, 2 and 3 (Partridgeal, 2009).

The goal of this study was to screen a large ditleof more than 300 STEC strains, isolated
between 2000 and 2007 in Belgium from humans, faod animals, in order (1) to
investigate the presence of integrons, (2) to dtarae the integron-positive strains, (3) to
identify the gene cassettes carried by them ando(énalyze their antibiotic susceptibility.
For this purpose multiple techniques (antibiotiseaptibility testing, PCR, RFLP, sequencing
and PFGE) were applied.

2. Material and Methods

2.1. STEC isolates

A total of 306 strains were investigated in thigdst Isolates were collected by the Belgian
National Reference Center for VTEC/STEC betweerD28@d 2007. The collection screened
contained 225 human isolates and 81 strains otigmarom different food or animal
sources. All clinical laboratories in Belgium cambmit suspected strains or samples to the
reference lab. They are encouraged to send stomistool samples for all severe cases, in
particular HUS. Serogroups were determined by battagglutination using O antisera
(Statens Serum Institute, Denmark) for the mostalemt groups. Non-agglutinating isolates

were sent to Statens Serum Institute for O:H sproty

2.2. Antibiotic susceptibility testing

The susceptibility to 11 antibiotics (ampicillinrploramphenicol, streptomycin, sulfonamides,
tetracycline, trimethoprim, ciprofloxacin, gentamic kanamycin, nalidixic acid and
cefotaxime) was determined by the disk diffusionthmod using European Committee on
Antimicrobial Susceptibility Testing (EUCAST) andliical and Laboratory Standards
Institute (CLSI) potency Neo-Sensitabs tablets (RodDiagnostica A/S, Denmark).
Interpretation of zones was done according to CpBidelines, as described by the

manufacturer.
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2.3. Presence of the virulence genes

PCR was used to determine the presence of thenialipvirulence genestx], stx2 eaeand
ehx Preparation of the DNA samples was done accortbniipe protocol of Flamnet al.
(1984). The DNA extracts were diluted to a finahcentration of 25 ng it. One microlitre
was used in the PCRs. Primers (Table 3.1) and R@ORittons were the same as described by
Botteldoornet al. (2003). The PCR amplification products were sejedrdy electrophoresis
on a 1% Seakem LE agarose gel (Lonza, USA) in TAE buffer (Invitrogen, USA),
visualized by ethidium bromide staining and phoapired under UV light.

2.4. Presence of integrons

The degenerate primers hep35 and hep36 were uskdetct the presence of integrons (Table
3.1). These primers amplify the conserved regiongtegrase genemtll, intl2 andintl3
(White et al, 2000). The PCR mix containedxlbuffer, 0.75 mM MgCJ, 1.5 U AmpliTaq
DNA polymerase (Applied Biosystems, USA), 50 uM dPT 1 uM of each primer and 2 pL
DNA extract (25 ng pL) in a total volume of 50 pL. PCR conditions wesedescribed by
Nagachinta and Chen (2009). The PCR amplificati@uycts were separated by agarose gel
electrophoresis and visualized by ethidium bronsidéning as described above.

The integron class of the integron-positive sampless determined using integron
class-specific primers, being Intl1-F and Intl1-& integron class 1 and Intl2-F and IntI2-R
for integron class 2 (Table 3.1) (Povilores al, 2010). The composition of the mix was as
mentioned above. The PCR programme for integrossclawas denaturation for 3 min at
94 °C, followed by 35 cycles of 1 min at 94 °C, 8@t 68 °C, 1 min at 72 °C, and a final
extension for 7 min at 72 °C. The PCR programmarftagron class 2 was denaturation for
5 min at 94 °C, followed by 30 cycles of 30 s at°@} 30 s at 62 °C, 1 min at 72 °C, and a
final extension for 8 min at 72 °C. The PCR amgdifion products were separated by agarose

gel electrophoresis and visualized by ethidium bdenstaining as described above.

2.5. Characterization of gene cassette arrays

Amplification of the gene cassette array of clasatégrons was done by using the primers
5'CS and 3'CS (Table 3.1) (Povilonet al, 2010). For this PCR, a long PCR enzyme mix
(Fermentas, Lithuania) was used as the length efftagment was unknown. The mix

consisted of X buffer (MgCh included), 200 uM dNTPs, 1.5 U Long PCR Enzyme ,Mix
1 uM of each primer and 1 uL DNA extract (25 ng*jiln a total volume of 50 pL. The PCR
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programme was denaturation for 2 min at 94 °Cofdd by 30 cycles of 20 s at 94 °C, 30 s
at 57 °C, 90 s at 68 °C, and a final extension @iniin at 68 °C. The PCR amplification
products were separated by agarose gel electragibard visualized by ethidium bromide
staining as described above.

Further characterization was done by Restrictioagirent Length Polymorphism (RFLP)
analysis using the restriction enzymidsfl (New England Biolabs, USA) anBsd (GE
Healthcare, UK). The restriction mixture fdinfl contained 15 pL amplification product and
0.5 pL restriction enzyme (5 U), the restrictionxtare for Rsd contained 15 pL
amplification product and 0.5 pL restriction enzyf3eU). Both restriction mixtures were
incubated overnight at 37 °C. The restriction fregis were detected by electrophoresis on a
2% Seakem LE agarose gel ik TAE buffer and visualized by ethidium bromide stag.
The different RFLP types were designated with tet{&-E). A selection of amplicons (one
per RFLP type) was sequenced by a commercial semgefacility (Macrogen Inc., Korea).
The same primers as for the gene cassette arraywtdRused for the sequencing reaction.
The sequences were analyzed with Kodon version 8iplied Maths, Belgium) and
comparisons were made using the Basic Local Aligim&earch Tool (BLAST)

(http://blast.ncbi.nlm.nih.gov/Blast.qggi

Table 3.1. Primer sequences, target genes, and sizes of g CR products

Primers Sequence (5' to 3} Target gene Product size Reference

(bp)
VT1-F ACACTGGATGATCTCAGTGG stx1 614 Botteldoorn et al., 2003
VT1-R CTGAATCCCCCTCCATTATG
VT2-F GGCACTGTCTGAAACTGCTCC Stx2 255 Botteldoorn et al., 2003
VT2-R TCGCCAGTTATCTGACATTCTG
EAEA-F GTGGCGAATACTGGCGAGACT eae 890 Botteldoorn et al., 2003
EAEA-R CCCCATTCTTTTTCACCGTCG
EHECHLY-F ACGATGTGGTTTATTCTGGA ehx 165 Botteldoorn et al., 2003
EHECHLY-R CTTCACGTGACCATACATAT
hep35 TGCGGGTYAARGATBTKGATTT intl1, intl2, intl3 491 White et al., 2000
hep36 CARCACATGCGTRTARAT
Intl1-F CTGCGTTCGGTCAAGGTTCT intl1 882 Povilonis et al., 2010
Intl1-R GGAATGGCCGAGCAGATCCT
Intl2-F CACGGATATGCGACAAAAAGGT  intl2 746 Povilonis et al., 2010
Int12-R GTAGCAAACGAGTGACGAAATG
5'CS GGCATCCAAGCAGCAAG Class 1 integron Variable Pois et al., 2010
3'CS AAGCAGACTTGACCTGA
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2.6. Pulsed Field Gel Electrophoresis
Strains were characterized by Pulsed Field Geltigphoresis (PFGE) according to the rapid
protocol of Ribot et al. (2006) and as standardized by PulseNet

(http://www.pulsenetinternational.org/protocplsDNA was digested with the restriction

enzymeXba (Roche Diagnostics, Germany) and fragments weadyaed in 1% Seakem
Gold agarose gels (Lonza) in &Sris-Borate-EDTA (TBE) buffer at 14 °C using th&lEF
MAPPER system (Bio-Rad Laboratories, UK). The riumetwas 19 h at 6 V ¢ with initial
and final switch times of 2.16 and 54.17 s, respelst Gels were digitally visualized after
staining with ethidium bromide, followed by desiamin water. Gel images were analyzed
with BioNumerics version 6.5 (Applied MathsXbaldigested DNA from Salmonella
entericasubsp.entericaserovar Braenderup H9812 was used as the normalizaference.
The similarity between PFGE patterns of the samegseup was calculated using the Dice
coefficient (with an optimization of 1.0% and a pia tolerance of 1.0%), and the patterns
were grouped together according to their simikesitising the unweighted pair group method

with arithmetic mean (UPGMA) clustering method.

2.7. Statistical analysis

A Chi-square test was performed in Excel 2007 (bBoft, USA) to assess whether

integron-positive strains were significantly moesistant than integron-negative strains for
each of the tested antibiotics. For the statistaoallysis, intermediate resistant strains were
considered as resistant. Significance was de£@at05.

3. Results
3.1. STEC isolates

A total of 306 STEC strains were investigated. Tdwates were classified according their
serogroups (Table 3.2). The human strains belotngedore than 25 different serogroups.
The most prevalent serogroups among the humamstagre 0157 (n = 112), 026 (n = 31),
0103 (n = 15), 0145 (n = 11) and O111 (n = 10)hEEgn serogroups were represented by
only one strain. Different clinical manifestatiomaplicated in the human infections were
reported, ranging from diarrhoea (23.6%), bloodgridioea (21.3%) to HUS (21.8%). In
5.8% of the cases isolates came from patients witbd@arrhoea, generally in the frame of

abdominal pain syndromes. All non-human strainstogd to serogroup O157. Food isolates
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accounted for 93.8% of the non-human strains ane than 95% of these were isolated from
cattle carcasses, beef and minced beef. The arsolates came from cattle and from a dog.

3.2. Antibiotic susceptibility

For each of the strains, the susceptibility to htibéotics was analyzed and antibiotic
susceptibility profiles were determined. In tot85 different profiles were found. The
majority of the strains (71.2%) were susceptibleatb the antibiotics tested. This high
percentage was caused by the high percentage aédide strains (87.0%) within the O157
serogroup. Without taking this serogroup into actpwnly 44.2% of the strains were
susceptible to all the antibiotics tested. In TaBl&, the number of different antibiotic
susceptibility profiles per serogroup is shown. dgeoup 0157 was the least diverse
serogroup concerning the antibiotic susceptibttitgfiles, with 11 different profiles among
193 strains. Serogroup 0111 was the most divermgpgwith 9 different profiles among 10
strains, followed by 0145 (7 profiles/11 strainsiid@26 (18 profiles/31 strains).

3.3. Virulence genes

Isolates were initially screened for the preserfc®ur important STEC-associated virulence
genes,i.e. stx], stx2 eaeandehx STEC strains are characterized by the presensxbf
and/or stx2 genes, whichencode Shiga toxins. Theae gene encodes intimin, which is
associated with adhesion to the intestinal epiiheland the formation of attachment and
effacement lesions, arehxis a plasmid-encoded virulence gesrecoding enterohaemolysin
(Buvens et al, 2012).

Ten different combinations of the four examinedulénce genes were found among the
screened collection (Table 3.2). The most freqyeodcurring virulence profile wastxZ,
stxZ, ea€, ehxX, which was present in 56.2% of the strains. Sgvamb of the 306 strains
(23.5%) contained thetx1 gene, 181 (59.2%) contained tk&x2 gene and 53 (17.3%)
contained both genes. Tlaegene was present in 87.9% of the strains, whieetix gene

was present in 93.1% of the strains.

62



Integron characterization of Belgian STEC isolates

Table 3.2. Overview and characteristics (integron presendémylence profile and antibiotic
resistance profile) of the strains classified peragjroup.

Serogroup Number Integron positive stxl stX2 eaeehx Number of Number of different
of strains (%) profiles susceé)tible antibiotic resistance
(Number) strain profiles
03 2 2 (100.0) -+-+(2) 0 2
05 1 0 (0) ++++ (1) 1 1
06 1 1(100.0) +---(1) 0 1
(O]:] 1 0 (0) ++-+(1) 0 1
015 1 0 (0) ++--(1) 1 1
026 31 6 (19.4) +-+-(6) 4 18
+-++(22)
++++(1)
-+++(2)
038 1 0 (0) ++-+(1) 1 1
043 1 0 (0) ++--(2) 1 1
055 1 0 (0) +---(1) 0 1
079 1 0 (0) +---(1) 1 1
091 2 0 (0) ++-+(2) 2 1
0103 15 2 (13.3) +--+(1) 7 5
+-++(13)
++++(1)
0109/0X182 1 0 (0) +---(1) 1 1
0111 10 7 (70.0) ++++(4) 1 9
+ -+ +(6)
0113 1 0 (0) ++-+(1) 1 1
0117 1 0 (0) +---(1) 0 1
0118 1 1(100.0) +-++(1) 0 1
0127 1 0 (0) +-+-(1) 0 1
0128ab 2 0 (0) ++-+(1) 2 1
-+-+ (1)
0145 11 2(18.2) +-++(4) 3 7
-+++(7)
0146 4 1(25.0) ++-+(2) 3 2
+-+(1)
-+--(1)
0153 1 0 (0) +-++(1) 1 1
0156 1 0 (0) +--+(1) 1 1
0157 (Human) 112 1(0.9) ++++ (17) 98 9
-+ + +(95)
0157 (Food/Animal) 81 0 (0) ++++(14) 70 6
-+ ++ (67)
0166 1 0 (0) ++-+(1) 1 1
0175 1 0 (0) -+ -+ (1) 1 1
0181 1 0 (0) +---(1) 0 1
0X182 3 0 (0) +-++(1) 3 1
+--+(2)
O rough 1 0 (0) -+--(1) 1 1
Unknown 14 0 (0) ++-+(2) 13 2
+-++(4)
++--(2)
+--+(2)
-+-+ (1)
-+--(2)
-+++ (1)
Total 306 23 (7.5) 16 218 35

" Untypable, cross-reactivity with 0109 and OX18fisera.
§ Susceptible to all 11 tested antibiotics.
& Number of different profiles.
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3.4. Integron-positive strains

All 306 strains were analyzed for the presencentd#grons by PCR. Integrons were detected
in 23 strains (7.5%) belonging to nine serogroupable 3.2 and Table 3.3). Only class 1
integrons were detected. All four strains belongmgerogroups O3, O6 and 0118 possessed
an integron. For the other serogroups the highesteptage of integron-positive strains was
found in 0111 (70.0%), followed by 0146 (25.0%), 60219.4%) and 0145 (18.2%)
(Table 3.2). In the O157 serogroup only one integpositive strain was detected, belonging
to the human subgroup.

With the gene cassette array PCR, four differemgtles of bands were obtained within these
integron-positive strains, except in strain MB 3986 which no band was detected. The
lengths of the bands were visually estimated a©+80) ~1000 bp, ~1600 bp and ~1800 bp.
RFLP analysis of these fragments with the restmcenzymedHinfl and Rsd revealed five
different types (A, B, C, D, E). The two restrictienzymes revealed the same profile
distinction. Fourteen strains (60.9%) belongedypetA and five strains (21.7%) belonged to
type C. The other types (B, D and E) were represebtly only one strain. By means of
sequence analysis the identity of the gene catsetpeesent in the different types was
determined. Three types (A, B, E) contained onlg gane cassette. Type A and E contained
respectively the gene cassetteadAl and aadA23 encoding resistance to
streptomycin/spectinomycin, while type B containgw gene cassettdfrA7, encoding
resistance to trimethoprim. Although type C and @hbcontained two gene cassettes, of
which one encoded resistance to streptomycin/spmatycin and the other encoded resistance
to trimethoprim, they differed in the antibioticsistance genes identified. In typea@dAl
and dfrAl were present while in type BadA2 and dfrA12 were detected. The antibiotic
resistance profiles of the integron-positive stsaere shown in Table 3.3. The strains
belonging to type A were all, except one, resistanstreptomycin, as was the case for the
strain belonging to type E. The strain of type BE(I8926) was resistant to trimethoprim. All
strains of type C were resistant to streptomycid @imethoprim while the strain of type D

showed intermediate resistance to streptomycinnasdcompletely resistant to trimethoprim.
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Table 3.3. Overview of the integron-positive STEC strains.

Strain Integron type Serogroup Virulence profile Antibiotic resistance profile! Clini_cal .
stx1 stx2 eae ehx Str> Tri* Sul Amp Chl Tet Cip Gen Kan Nal Cef manifestation
MB 4083 A 03 - + - + R S R S S S S S R S S Unknown
MB 4243 A 03 - + - + R S R S S R S S R R S Unknown
MB 3909 A 026 + - + + R S R R R R S S S S S Diarrhoea
MB 4114 A 026 + - + + R S R S S S S S S S S Diarrhoea
MB 4126 A 026 + - + - R R R R S R S S S S S Diarrhoea
MB 4127 A 026 - + + + R S R R S R S S S S S Unknown
MB 4133 A 026 + - + - R S R R R R S S S R S Bloody diarrhoea
MB 4119 A 0103 + - + + R S R R S S S S S S S Diarrhoea
MB 4116 A 0111 + - + + R S R S S R S S S S S Diarrhoea
MB 4122 A 0111 + - + + S R R S S R S S S S S Bloody diarrhoea
MB 4239 A 0118 + - + + R S R S R R S | R R S Unknown
MB 3938 A 0145 - + + + R R R R R R S S S S S HUS
MB 4115 A 0145 + - + + R S R R R R S S S S S Unknown
MB 4079 A 0146 - + - - R S R S S S S S S S S Bloody diarrhoea
MB 3926 B 0157 - + + + R R R R S R S S S S S Bloody diarrhoea
MB 4050 C 06 + - - - R R R R S R S S S S S Bloody diarrhoea
MB 3980 C 0111 + - + + R R R R S R S S S R S Diarrhoea
MB 4030 C 0111 + + + + R R R R S R S S S R S Bloody diarrhoea
MB 4033 C 0111 + + + + R R R R S R S S S S S HUS
MB 4108 C 0111 + + + + R R R R S S S S S S S Bloody diarrhoea
MB 4134 D 0111 + - + + | R S S S R S S S S S Unknown
MB 4131 E 0103 + - + + R S R R S R S R S S S Diarrhoea
MB 3936  No result 026 + + + + R R R S S R S S S S S HUS

*Antibiotic resistance profile was determined forattibiotics: streptomycin (Str), trimethoprim (Frsulfonamides (Sul), ampicillin (Amp), chlorampiieol (Chl), tetracycline (Tet), ciprofloxacin (Qip
gentamicin (Gen), kanamycin (Kan), nalidixic adih() and cefotaxime (Cef).

“Streptomycin resistance gene cassettes presdm integrons: type AaadAl type C:aadAt type D:aadA2 type E:aadA23

STrimethoprim resistance gene cassettes presene imtegrons: type RifrA7; type C:dfrAl; type D:dfrA12



Chapter 3

3.5. Comparison of integron-positive and integron-negastrains

Among the 23 integron-positive strains, 17 différantibiotic susceptibility profiles were
found. The profile with resistance to ampicillinteptomycin, sulfonamides, tetracycline and
trimethoprim was the most common (n = 4, 17.4%)tHa integron-negative strains, 24
different profiles were observed. The most commonorg these was the completely
susceptible profile (n = 218, 77.0%), followed Hyetprofile with resistances to both
streptomycin and sulfonamides (n = 16, 5.7%).

In integron-positive strains, resistance to sulfoites ©5.7%9, streptomycin 95.7%,
tetracycline 18.3%9, ampicillin (60.9%9 and trimethoprim 47.8%9 was common. When
comparing the susceptibilities to these antibigticgegron-positive strains were significantly
more resistant than the integron-negative straiablé 3.4). Other antibiotic resistances were
more restricted, such as resistance to chlorampbleand kanamycin, which occurred only in
some strains of integron type A, while resistamcadlidixic acid occurred in some strains of
type A and C (Table 3.3). Integron-positive straimere significantly more resistant to
chloramphenicol, gentamicin and nalidixic acid thategron-negative strains. Resistance to
ciprofloxacin and cefotaxime was not observed i timtegron-positive strains. All
integron-negative strains were also susceptibtetotaxime.

A comparison of PFGE profiles was made betweergiotepositive and integron-negative
strains of serogroups 026, O111 and O145. Thesgreeps were analyzed because of their
relatively high number of integron-positive straidsnong the serogroups studied, clustering

of the integron-positive strains was not obsendadg not shown).

Table 3.4. Overview of the antibiotic resistance (%) of thetegron-positive and
integron-negative strains. Comparison of the resises between integron-positive and
integron-negative strains were done using Chi squasts. The Chi square values and the
P-values are listed in the tabl®-values <0.05 were considered to be significadiD, Not
determined.

Subgroup Number Str Tri Sul  Amp Chl Tet Cip Gen Kan Nal Cef

Integron-positive 23 957 478 957 609 217 783 0.0 8.7 13.0 21.D.0
Integron-negative 283 19.8 2.5 17.7 7.8 11 10.2 0.7 0.4 5.7 11 0.0

Total 306 25.5 5.9 235 1138 2.6 15.4 0.7 1.0 6.2 2.6 0.0
Chi square value 645 790 719 578 357 757 0.2 15.2 2.0 35.7 ND
P-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.69 <0.05 0.160.05 ND
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4. Discussion

Antibiotic resistance is becoming more and more mom in STEC (Nagachinta & Chen,
2009, Buvenset al, 2010; Karmaliet al, 2010; Cergole-Novellat al, 2011). One type of
genetic element by which these organisms can gadh disseminate antibiotic resistance
genes is the integron. The screening of a colleatiomore than 300 STEC strains of human,
food and animal origin revealed that integrons waresent in 7.5% of the strains. Only
integron class 1 was detected. These results aniéasito the results of a North American
study in which 177 STEC strains were analyzed (Magéa and Chen, 2009). The authors
found that integron class 1 was present in 7.9%iategron class 2 in 0.6% of the strains. In
contrast, Cergole-Novellat al. (2011) found a higher percentage (22%) of STEGirsdr
containing integron class 1, isolated from humand eattle in Sdo Paulo (Brazil). This
difference could be due to characteristics of thalyzed collection. They analyzed 32
antibiotic resistant non-O157 STEC strains, whildhe study presented here also antibiotic
susceptible strains, belonging to 0157 and non-GEs@groups, were analyzed. Taking only
the non-O157 serogroups into account in the cursandy, 19.5% of the analyzed strains
were integron-positive. Singdt al. (2005) found that 16% of the 274 analyzed STEGirsir
isolated in the USA and originating from human @ats (n = 81) and sick animals (n = 193;
poultry, cattle and swine), contained integron €lasand in the study of Zhaa al. (2001)
18% of the 50 analyzed STEC strains originatingnfroumans, animals and food were
integron class 1 positive.

Five different RFLP types could be distinguishedoagthe integron-positive strains. Only
for strain MB 3936 the RFLP type could not be deieed as there was no amplification of
the gene cassette array. It is possible that thisinslacks the 3’-conserved segment
preventing one of the primers from annealing, asalestrated by Saeret al. (2010). There
was not much variation in the antibiotic resistageme cassettes present in the different
types. They all contained genes coding for restgtda streptomycin/spectinomyciagdAl,
aadA2 aadA23 and/or trimethoprimdfrAl, dfrA7, dfrA12. These results are in accordance
with other studies (Cergole-Novelid al, 2011; Poviloniset al, 2010; Skurniket al, 2005).

In the study of Skurnilet al. (2005) 85.7% of the class 1 integrons cardédand/oraadA
genes. Poviloniet al. (2010) reported that theadA and thedfr-containing gene cassettes
were the most common in their study, with a freqyeof aadAl of 60% in the class 1
integron-positive isolates. With its presence inoi4he 23 integron-positive straireadAlis

also the most common gene cassette array (60.9%)eircurrent study, followed by the
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dfrAl- aadAl gene cassette array (21.7%). These two types dpelmrihe most common
integron types encounteredbn coliisolates, originating from humans and animalsunolge
and the USA (Povilonigt al, 2010). The gene cassette present in typaalA23 is less
common. It was first described inSalmonella entericaubsp.entericaserovar Agona strain
isolated from a pig carcass in Brazil in 2005 (Miehet al, 2005). Thereafter, it has been
reported in humarsalmonella entericaubsp.entericaserovarEnteritidis andSalmonella
entericasubsp.entericaserovar Bredeney strains in Hungary (Nogrédgl, 2005), inE. coli
from broilers isolated in the Netherlands in 2004n( Essen-Zandbergen al, 2007), in an

E. colistrain, isolated from neonatal calf diarrhea ityfig Ahmedet al, 2009) and irk. coli
strains isolated from food-producing animals anchéns in China (Het al, 2009). For 21

of the integron-positive strains, there was a gageeement between the antibiotic resistance
phenotype and the gene cassette(s) present. Fosttaios (MB 4122 and MB 4134) the
streptomycin resistance did not come (fully) to reggion. This is not surprising, as it is
known that the presence ahdA gene cassettes in integrons confers low-levepsineycin
resistance and therefore represents an obstaclassifyingE. coli as susceptible or resistant
to streptomycin (Sunde & Norstrém, 2005).

Most of the integron-positive strains (91.3%) wessistant to at least three different
antibiotics. In the integron-negative strains, ¥3.Were resistant to at least three antibiotics.
Nagachinta and Chen (2009) reported that all iotegositive strains examined in their study
were resistant to at least three different antibéot The highest resistances among the
integron-positive strains were found to sulfonamid@@5.7%), streptomycin (95.7%),
tetracycline (78.3%), ampicillin (60.9%) and tritneprim (47.8%). The integron-positive
strains were significantly more resistant to thasgbiotics than the integron-negative strains.
The resistance to sulfonamides, streptomycin antethoprim is related to the presence of
the integron, while the resistance to tetracycéind ampicillin could be due to the association
of mobile integrons with plasmids and transpos&¥hife et al, 2001).

PFGE is used for subtyping of both 0157 and non7CsLlbgroups and is considered the gold
standard of subtyping techniques for epidemioldgtadies (Karama & Gyles, 2010). In this
study, PFGE did not reveal any clustering of thigron-positive strains in the selected
serogroups. In the study of Cergole-Noveillal. (2011) most of the integron-positive strains,
belonging to the 0111 serogroup, clustered into subgroups with more than 90%
similarity, while Hoet al. (2009) found no clonal relationship (>85% simiigribetween
human and animal isolates with identical cassettesalso Kangt al. (2005) found distinct

patterns among. coliisolates carrying identical types of class 1 inbeg.
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In this study, we report the presence of classtégnons in STEC strains circulating in
Belgium. The identification of the antibiotic resiace gene cassettes revealed that only two
types of antibiotic resistance genes were preseithe gene cassettes, but other antibiotic
resistances were also present in the integronipessirains. This is in contrast to the
integron-negative strains, of which the majorityswausceptible to the tested antibiotics. As
integrons are often associated with mobile elememtsch can carry additional antibiotic
resistance genes, it remains very important to tooimtegrons and the antibiotic resistance

present in STEC as they can transfer their resistgenes to other (pathogenic) bacteria.
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In Chapter 2, plasmid transfer to foodborne pathwge/as investigated. In this chapter, we
take one step closer towards the food industryrahaing plasmid transfer in biofilm models
representative for this sector.

Chapter 4

Biofilm models for the food industry:

hotspots for plasmid transfer?

Chapter redrafted after:

Van Meervenne E,De Weirdt R, Van Coillie E, Devlieghere F, HermarBoon N (2014).
Biofilm models for the food industry: hot spots fdasmid transferPathogens and Disease
70: 332-338
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Abstract

Biofilms represent a substantial problem in thedfamdustry, with food spoilage, equipment
failure, and public health aspects to considerid&ss biofilms may be a hotspot for plasmid
transfer, by which antibiotic resistance can beehsinated to potential foodborne pathogens.
This study investigated biomass and plasmid transfelual-speciesR. putidaandE. coli)
biofilm models relevant to the food industry. Twidfelent configurations (flow-through and
drip-flow) and two different inoculation procedurédonor-recipient and recipient-donor)
were tested. The drip-flow configuration integrastdinless steel coupons in the setup while
the flow-through configuration included a glasswil@ell and silicone tubing. The highest
biomass density [10 log (cells &j was obtained in the silicone tubing when fitse
recipient strain was inoculated. High plasmid tfansatios, up to 1/10 (transconjugants/total
bacteria), were found. Depending on the order afcutation, a difference in transfer
efficiency between the biofilm models could be fduihe ease by which the multiresistance
plasmid was transferred highlights the importanickiafiims in the food industry as hotspots
for the acquisition of multiresistance plasmidsisTtan impede the treatment of foodborne

illnesses if pathogens acquire this multiresistana® from the biofilm.
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1. Introduction

Biofilms are the favorable lifestyle of bacteriatagy create an advantageous and protective
environment. According to Donlan and Costerton @00a biofilm is defined as ‘a
microbially derived sessile community characteribgdcells that are irreversibly attached to
a substratum or interface or to each other, areedda in a matrix of extracellular polymeric
substances that they have produced, and exhilattared phenotype with respect to growth
rate and gene transcription’. In food industry,fitnes can become a persisting source of
contamination. They can be found everywhere: onftloel processing equipment, on the
walls or floors of the workspaces, on the wallstirage/transport tanks, or even on the food
itself. Both spoilage as pathogenic bacteria camnbelved, threatening both the quality of
the product as human health. Consequently, thisangnation imposes an enormous annual
cost of millions (Brooks & Flint, 2008). Concernar ffood safety related to biofilms in the
food industry have been raised for example in tteelygce industry (Jahid & Ha, 2012), the
dairy industry (Marchandt al, 2012) and the meat industry (Sofos & Geornar@$Qp

Another important public health aspect associatid the occurrence of biofilms in the food
industry is the inherent higher resistance to actiobial agents. Several factors can play a
role in this feature, such as the matrix, the ghovete, the heterogeneity within the biofilm,
the general stress response, quorum sensing,dbetion of a biofilm phenotype, and efflux
pumps (Mah & O’'Toole, 2001; Drenkard, 2003). Besitlgs inherent resistance, bacteria in
biofilms can acquire additional antibiotic resistas from other organisms by horizontal gene
transfer. In horizontal gene transfer, three magtimanisms can be distinguished: conjugation
(mobile genetic elements are being transferred framdonor to a recipient cell),
transformation (uptake of naked DNA), and transidunc{bacteriophages as transporters of
genetic information). The occurrence of conjugathmi transformation in biofilms has been
reviewed by Molin and Tolker-Nielsen (2003), andsitbecoming more and more clear that
both conjugation and transformation are intercoteteevith biofilm formation (Lucet al,
2005; Reisneet al, 2006; Madseret al, 2012). The presence of plasmids can positively
influence biofilm formation (Ghigo, 2001; Dudley} al, 2006; Burmgllest al, 2008), but it
can also have a negative effect as was shown bgrieidl. (2013).

As mixed species biofilms are a better represemtati biofilms found in the food industry,
dual-species biofilms were used in this study. Theice of the bacteria was based on their
role in the food industry, nameBseudomonas putidaas used as a model for food spoilage

organisms, as this environmental species can cspsgage of, for example, vegetables

73



Chapter 4

(Settanniet al, 2013) and milk (Heet al, 2009).Escherichia coliwas chosen as a model for
pathogenic organisms. Althoudb. coli is a commensal species in humans and animals,
pathogenic variants, for example Shiga toxin-prasydE. coli (STEC), exist. Previous
studies on different food types such as milk, valgets, or fish, have also usedputidaas an
example of spoilage organisms a@adcoli as an example of pathogenic bacteria (Gunasekera
et al, 2002; Felicianet al, 2010; Settanret al, 2013).

As biofilms are on one hand an important issueha food industry and on the other hand
ideal environments for horizontal gene transfeg tjoal of this study was to (1) quantify
dual-species biofilm formation and (2) analyze plaktransfer in these biofilms. For this
purpose, three models were used which differed feach other in the attachment material
and in the flow configuration. The attachment matarsed was stainless steel, silicone, and
glass. Stainless steel is a preferred materiahénfood industry because of its chemical,
bacteriological, and organoleptical neutrality, #ase to clean, its durability, and its
mechanical characteristics (Zottola & Sasahara4198archandet al, 2012). The two
biofilm models used are flow displacement modelsgi@/e & Nelis, 2010). While in the
flow-through system, the biofilm is formed undentouous flow conditions with no direct
contact with air, the drip-flow system providesemvironment for biofilm formation close to
the air-liquid interface (Buckingham-Meyet al, 2007; Goeregt al, 2009). Both models
are representative for the food processing envieariras the flow-through configuration can
be interpreted as model for pipes and tubing, wihiéedrip-flow configuration can stand as a
model for conveyor belts or places where drops fteakages hit a metal surface. To our
knowledge, it is the first time that a drip-flowaor in this configuration is used to study
plasmid transfer.

2. Material and Methods

2.1. Strains, plasmid, and growttonditions

In this study,P. putidaSM1443 (Christenseet al, 1998), which carried the pB10 plasmid,
was used as donor strain, and the laboratory sfagoli DH50 was used as recipient strain.
P. putidais a strict aerobe bacterium, whie coli is a facultative anaerobe bacterium. The
broad-host-range plasmid pB10, belonging to theéPdfft subgroup, was isolated from a
wastewater treatment plant and contains resistaocthe antibiotic agents amoxicillin,
streptomycin, sulfonamides, and tetracycline andntrganic mercury ions (Droget al,
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2000). The plasmid was marked withgp gene and a kanamycin resistance gene by the
insertion of the mini-TB-Km-Pa1.0403:9fp cassette (Van Meervenrgt al, 2012). The
presence of thgfp gene enabled the detection of transconjugantdduy ¢ytometry as the
donor strain carried the mini-Bracl? cassette in its chromosome, preventing the exipress
of thegfp gene in the donor (Christenseinal, 1998).

Preparation of the cultures for inoculating thectees was the same for the donor and the
recipient strain, except that the donor strain imasibated at 28 °C while the recipient strain
was incubated at 37 °C, and was standardized Bsvilstock cultures of the strains were
inoculated on Luria—Bertani (LB) agar plates (10yptone, 5 g yeast extract, 5 g NaCl and
15 g agar per liter). For the donor strain, theddar plates contained kanamycin

(50 pg mLY). After overnight incubation, one colony was tf@nsed to 5 mL LB broth. The
next day, the ORo nm Of this culture was adjusted with LB broth to Oa®d 2 mL of the
adjusted culture was added to 250 mL LB broth. iAdieernight growth, the culture could be
applied to the reactor, having an £\ between 0.8 and 1.1 f&. putidaand between 1.0
and 1.3 foiE. coli DH5«.

2.2. Biofilm growth reactor

To analyze plasmid transfer in biofilms, in-housaators were built, combining two different
flow displacement models, a flow-through system amtlip-flow system (Figure 4.1).

The analyzed flow through system of each reactonsisted of 4 cm silicone, peroxide
cross-linked tubing (VWR International, USA) folled by a glass flow cell consisting of
5.8 - 6.0 cm borosilicate square tubing (Fried@cBimmock Inc., USA). Both flow-through
systems had an inner diameter of 1 mm. Last in\Wwas the drip-flow system, which was
created by enclosing a stainless steel (316L) aoyjgd x 2.5 cm) in the reactor on which
inocula or media drips. The stainless steel coupare first cleansed according the protocol
used by Speranzat al. (2011). The reactors were autoclaved and subs#yusaced at an
angle of 10° (Goerest al, 2009).
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analyzed ST

influent effluent

Figure 4.1. Schematic overview of the in-house reactor. (&8nless steel; ST, silicone
tubing; GF, glass flow cell).

2.3. Biofilm growth and plasmid transfer conditions

The reactors were placed at 28 °C. In total, eighttors, containing three types of biofilms,
were analyzed. Two inoculation procedures wereiegpA first series of four reactors was
first inoculated with the donor strain, while thecend series of four reactors was first
inoculated with the recipient strain. Table 4.1egivan overview of the different biofilm
models. Before the start of the experiment, 0.1Bxnhedium was pumped in the reactor for
half an hour. Inoculation of the reactors with tfest strain was done by pumping an
overnight culture during 6 h at a rate of 21-24 ML This corresponds to #low rate of
45-51 cm mift and 35-40 cm mihfor the silicone tubing and the glass flow cellpestively.
The rate was kept stable for each reactor, andriesponded to 15-16 droplets fhifor the
drip-flow system. The second strain was providethéosystem in the same manner 48 h after
the start of the experiment. Between and afteirtbeulation of the strains, 0.1 x LB medium
was applied to the reactor. The reactor was sto®6et after the start of the experiment.
Subsequently, the stainless steel coupons, tleesditubing, and the borosilicate tubing were

removed for analysis.
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Table4.1. Overview of the biofilm models.

Biofilm model Inoculation strategy Material Repeats
DR-SS Donor-Recipient (DR) Stainless steel (SS) 4
DR-ST Donor-Recipient (DR) Silicone tubing (ST) 4
DR-GF Donor-Recipient (DR) Glass flow cell (GF) 3
RD-SS Recipient-Donor (RD) Stainless steel (SS) 4
RD-ST Recipient-Donor (RD) Silicone tubing (ST) 4
RD-GF Recipient-Donor (RD) Glass flow cell (GF) 4

! the repeats are biological replicates.

2.4. Biofilm analysis
The stainless steel coupons were washed three #ime@s85% NaCl. The biofilms were
removed from the stainless steel with a sterilebswéhich was subsequently wringed in a
falcon tube containing 10 mL 0.85% NaCl. This wageated with a second sterile swab. The
biofilms attached to the silicone tubing and to ghess flow cell were removed by passing
five times 1 mL 0.85% NaCl through each side intéalaon tube. The falcon tubes were
vortexed, and biofilms or cell clumps were furtmeechanically disrupted by pipetting the
fluid through a 0.6-mm needle three times.
To analyze the obtained solution, a culture-indédpean technique, flow cytometry, was
chosen as it was not known whether the conditioceentered by the bacteria in the reactor
would be able to induce the viable but non-cultleg/BNC) status. By flow cytometry, the
total biomass (cells cA) and transfer ratio (number of transconjugantaftoell count) were
determined. Detection and quantification of (tramgagant) bacteria by flow cytometry were
performed with a Cyan ADP Flow Cytometer (Dako, Bxamk), using the 488-nm laser. The
dilution factor was visually assessed and rangenh ft0 to 1000. Dilutions were made with
filter-sterilized Evian water. Samples were anatlzgthout and with a live/dead staining.
The staining solution contained propidium iodidel &YBR® Green |, and it was prepared as
described by De Rogt al. (2012). The unstained samples consisted of 980fithe diluted
sample, 10 uL NE&EDTA (500 mM, pH 8), and 10 pL Dako Cytocount beadbile the
stained samples consisted of 970 pL of the dilstdple, 10 uL N&EDTA (500 mM, pH 8),
10 pL live/dead staining, and 10 puL Dako Cytocobetds. The beads were used to
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determine the cell concentration. Green fluoreseeetission was collected with a
photomultiplier tube using a 530/40 emission filfer PE 585 and 670 fluorescence a 575/25
and 680/30 emission filter was used, and side kghtter (SSC) was collected using a 488/10
emission filter. The sheath fluid consisted of M@ water. The threshold trigger was set to
SSC for the unstained samples and to green fluenescfor the stained samples. The analysis
of a sample was performed by collecting data famid in threefold. SUMMIT v4.3 software
was used to process the results. By analysis ofutisained samples, the number of
transconjugant cells could be determined on a Gkegnvs. PE 585 Log plot, while analysis
of the stained samples determined the total celhtasing a Green Log vs. 670 Log plot. The

total cell count equals the sum of the live andddssll counts.

2.5. Filter mating

In previous experiments, plasmid transfer betw&ercoli DH50 and P. putida SM1443
(pB10:gfp) was studied by filter mating. The filter matingdaanalysis by flow cytometry
were performed as described by Van Meervestrad. (2012).

2.6. Denaturing gradient gel electrophoresis

Denaturing gradient gel electrophoresis (DGGE) wsad to exclude contamination of the
cultures or the biofilms and to obtain an ideahaf telative abundance Bf putidaandE. coli

in each biofilm. Therefore, both donor and recipienltures as samples from the different
biofilms were analyzed by DGGE. DNA extractions g/gerformed according to Boe al.
(2000). DGGE was applied to separate PCR products68 rRNA genes obtained with
general bacterial primers (338F-GC and 518R) (Mugtal, 1993). The PCR products were
loaded onto 8% polyacrylamide gels with a denatugradient from 45% to 60%. The gels
were run on an Ingeny PhorU-2 x 2 apparatus (Ingemgrnational, The Netherlands).
Analysis was carried out using BIONUMERICS softwarersion 5.10 (Applied Math,
Belgium). Previous studies have evaluated the piatesf DGGE as a semi-quantitative tool
(Riemanret al, 1999; Casamayat al, 2000; Schauest al, 2000; Lyauteyet al, 2005). To
assess the relative abundancéoputidaandE. coli, the ratio of the peak height for one of
each strains to the sum of the peak height®fqutidaandE. coliwas determined.

78



Biofilm models for the food industry: hotspots fdasmid transfer?

2.7. Statistical analysis

All statistical analyses were performed in R. Tlynigicance level was set at 0.05. Normality
of the residuals was studied by means of QQ-pptand the Kolmogorov-Smirnov test.
Biomass density, transconjugant density, and plhgransfer ratio were log-transformed so
that normality of the residuals was respected. Hsmadasticity of the variances was assessed
using the modified Levene’s test. Significant diéleces were detected using one-way
ANOVA followed by post hoc analysis according tokéy.

Outliers were detected by calculating studentizsiduals. Their impact on the outcome of

the statistical model was evaluated using DfFIT& @ook’s distance.

3. Results and Discussion

We analyzed the potential of plasmid transfer amuageria growing in biofilms, formed in
model systems that are representative for foodsimgFigure 4.1). The models were placed
in a serial order with the last one being the dliop+ system, in which a preferred material of
the food industry, namely stainless steel, was .useithe flow-through system, the glass flow
cell was chosen as this setup is regularly usetdiofilm studies. For the third model, a
flow-through system as well, a material was used ttas air permeable and that could be
found in the food industry, namely silicone. Foegh three different attachment materials,
two inoculation procedures were applied (Table .4ALjirst inoculation procedure involved
the formation of plasmid-donating biofilms and sedpsent inoculation with a recipient strain.
In the second inoculation procedure, biofilms wkmened with a plasmid-receiving strain

upon which the donor strain was added.

3.1. Biofilm biomass

To compare the biomass obtained in the differeofilbi models, biomass density was
calculated as the log number of cells pef ¢Rigure 4.2). Enumeration of the cells was done
by flow cytometry. For the first inoculation proagd (donor—recipient), the stainless steel
model yielded a slightly higher biomass densitg@8+ 0.17 log (cells cif)] than the silicone
tubing model [8.20 + 0.38 log (cells &p P = 0.01] and the glass flow model
[8.30+0.24log (cells cif), P = 0.08]. For the second inoculation procedure
(recipient-donor), a remarkable increase in avelagmass density was found in the silicone
tubing model [10.23 + 0.05 log (cells @i One of four replicates of the former model
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yielded outlying results (Figure 4.2). The reasonthis outlier is unclear to us. The reactors
were composed and run pairwise under the same taomsli Furthermore, the Qi nmof the

inocula was comparable for both the recipient asdibnor strain (data not shown). Based on
the DfFITS and Cook’s distance analyses, it wasclewied that the outlier had a strong
influence on the outcome of the statistical modal it was therefore decided not to include

this value.
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Figure 4.2. Biomass density for the different biofilm mod8&lse Table 4.1 for the
abbreviations. Circles represent the separate \@hfethe replicates, while the line
represents the average of the model. The circledssmt the brackets represents the outlier,
which was not included in the analysis. Mean vaBkleing common lowercase letters are
not significantly differenti < 0.05).

It is difficult to explain why the highest biomadsnsity was obtained in the silicone tubing
with the second inoculation procedure. Bacterighcdiment is influenced by a variety of
factors, including bacterial features.q. bacterial hydrophobicity, cellular surface charge,
surface structures, and outer membrane proteing)albo features of the used materab(
chemical composition, surface roughness, hydromitgliand features of the surrounding
environment (Goulteret al, 2009; Shi & Zhu, 2009). Previous studies havenéhufor
example, that anaerobic conditions inhiit coli biofilm formation (Colén-Gonzaleet al,

2004; Cabellos-Avelaet al, 2006); however, in biofilm flow cells, traces okygen are
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expected, and the silicone tubing used is air pabhee Another factor that can influence the
bacterial attachment is the hydrophobicity of thatenial. Both the silicone tubing and the
stainless steel are hydrophobic material, whilesglis hydrophilic. Anderseat al. (2010)
showed using uropathogeric coli that the influence of the hydrophobicity of thentarct
material is not species-dependent but rather saapendent.

Interestingly, DGGE analysis indicated that thatigé abundance d&. coli DH5a was much
higher in both flow-through systems when the rempstrain was inoculated before the donor
strain (Figure 4.3). In the other biofilm models¢c@nparable relative abundance was found
for bothE. coliandP. putida The lack of oxygen may possibly play a role hersfery few
studies which worked witl. coli andP. putidabiofilms looked at the abundances of the
strains. Castonguagt al. (2006) found equal concentrationskofcoli andP. putidain mixed
biofilms, formed in glass tubes, while Gilbest al. (2003) found a significantly higher
proportion ofP. putidain mixed biofilms formed in flow cells, which waadtributed to the
different ability to adhere of the two strains. Hoxer, these studies were not conducted with
the same experimental design, which complicatesdhneparison of results. The process that
was mimicked in our experiments was co-adhesiomgtwimeans that planktonic cells adhere
to biofilm cells (Boset al, 1994; Rickarcet al, 2003), while in the two mentioned studies,
the inoculum was mixed.

Overall, the results indicate that for the biomaisss difficult to assign determining factors,
but it seems that order of inoculation and attaattrneaterial rather than flow configuration
may play a role. Considering the relative abundamé&. coli DH5a andP. putidaSM1443
(pB10::gfp), it appears that depending on the order of iragaui, the flow configuration can

have an influence.
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Figure 4.3. Estimated relative frequency Bf putida(black bars) ande. coli (grey bars) in
the different biofilm models (n = 4, for DR-GF r3¥determined by DGGE. See Table 4.1 for
the abbreviations.

3.2. Plasmid transfer

In the present study, plasmid transfer ratio wggessed as the log of the ratio of the number
of transconjugants to the total cell count. Tab2 ghows the number of transconjugants for
each replicate of the different models. In previamperiments, the transfer ratio was
determined for filter mating. In those experimerds, average transfer ratio of 1/100 was
obtained (data not shown). In the biofilm modelse faverage transfer ratio for the first
inoculation procedure (donor-recipient) ranged leetw?2/100 and 1/10, and no significant
difference was found between the three models (Eigu4). With the other inoculation
procedure (recipient—donor), the average transfeéo ranged between 5/10 000 and 8/100.
The transfer ratio obtained for the three modeisgushis inoculation procedure differed
significantly from each other. Furthermore, the BRD-model differed significantly from the
DR-ST model, indicating an influence of the ordérirmculation involved. As donor and
recipient strain are not the same strain with dheut the plasmid, it is difficult to obtain

indications about the influence of the plasmid.

82



Biofilm models for the food industry: hotspots fdasmid transfer?

Table 4.2. Number of transconjugants, expressed as log (ceil§ for each replicate of the
different models. The value between brackets reptsesthe outlier as determined by the
statistical analysis of the biomass.

DR-SS DR-ST DR-GF RD-SS RD-ST RD-GF
Reactor 1 7.25 7.17 6.81 7.30 (6.52) 6.45
Reactor 2 7.00 7.50 6.08 6.93 7.14 6.37
Reactor 3 7.34 6.62 6.80 7.15 6.77 6.12
Reactor 4 6.95 6.67 - 7.00 6.91 6.52
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Figure 4.4. Transfer ratio of the different biofilm modelseSeable 4.1 for the abbreviations.
Circles represent the separate values of the raf@d&, while the line represents the average
of the model. The circle between the brackets sges the outlier, which was not included
in the analysis. Mean values sharing common lows&datters are not significantly different
(P<0.05).

Biofilms are considered to be hotspots for plastradsfer. Several studies have found higher
transfer frequencies under biofilm conditions theth planktonic cultures (Lampkowsket

al., 2008; Nguyeret al, 2010; Hennequiet al, 2012; Savaget al, 2013). The plasmid used

in this study, pB10, belongs to the incompatibifitpup IncP-§. The IncP-1 plasmids, which
are known to encode short rigid pili, transfer biessurface matings (Bradlest al, 1980;
Bradley, 1983). Comparing the obtained transfeultesvith the results of previous studies is
difficult due to differences in experimental desiguch as reactor design, used strains and

plasmids, inoculation methods, detection methotts,For instance, De Geldet al. (2005)

83



Chapter 4

found that, when using the same plasmid (pBfiDlabeled), the diversity of transconjugants
depended on the chosen donor and on the matingFypthermore, Lilley and Bailey (2002)
showed that the recipient had a significant infeeenn the transfer efficiency of pQBR11-V1
from P. putida In both studies, the same donor strain as indtiidy was used. High transfer
ratios were obtained in the present study, bothtlier flow-through as for the drip-flow
conditions. This is in contrast to the study of Kei al. (2011) who found a very low
occurrence of plasmid transfer in submerged bi&fiformed in closed horizontal flow cells
under different conditions, but a large numberrahsconjugants in a biofilm formed at the
air—liquid interface. An explanation for this could the observed spatial separation of donor
and recipient cells as for the biofilm formation tbe strains they usedt ( coli K-12), the
presence of conjugative plasmids (in this case pBMHS3 required. Furthermore, these authors
found that there was no statistically significaiftedlence in conjugation efficiency between
aerobic and anaerobic matings with aerobically grodonor and recipient cultures.
Nevertheless, our study also indicates that thdi@ird interface can be a place of preference
for plasmid transfer.

In our experiments, no clear link between transé¢io and surface hydrophobicity could be
observed. In a previous study in which plasmiddfanwas analyzed in biofilms formed on
hydrophilic and hydrophobic glass beads, a moreiefit transfer was observed on the
hydrophilic surface (Anglest al, 1993). A possible explanation for this was théedence in
biofilm structure as it appeared that morphologichhnges were induced in the marine
bacterium that was used in this study. On the hubic surface, tightly packed biofilms
were formed while on the hydrophilic surface, taogfilaments were formed that could
possibly trap more donor cells resulting in greaene transfer frequencies (Daltenal,
1994).

In conclusion, the obtained results suggest thae@ng on the order of inoculation, an
effect of biofilm model on plasmid transfer ratiancoccur. Furthermore, this study also
demonstrated that the drip-flow configuration canused to study plasmid transfer.

The threat that the presence of antibiotic restgain the food industry poses on human
health has recently been reviewed (Capita & Alo@sdleja, 2013; Verraest al, 2013).
Using two different flow configurations and threéferent attachment materials, it was
shown that (1) biofilms were easily obtained in misdelevant to the food industry and (2) a

multiresistance plasmid could easily be transfemetthe different biofilm models. Together,
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these results highlight the importance of biofilmsthe food industry as hotspots for the

acquisition of multiresistance plasmids next tartbbvious contamination potential.
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The previous chapters have dealt with antibiotsis&ance in Gram-negative bacteria. It was
found that Gram-negative foodborne pathogens cauiae antibiotic resistance and that the
obtained transconjugants express the acquired tasi® genes. Subsequently plasmid
transfer was demonstrated in biofilm models repmesiere for the food industry. In this
chapter the focus is on the influence of food preg®n on plasmid transfer using a
Gram-positive model.
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Abstract

It is acknowledged that food is an important rooyewhich antibiotic resistant bacteria can
disseminate. However, there is a lack of knowlealgeut how factors, which are used during
food production and preservation, contribute totthasfer of antibiotic resistance genes.

In this study, the effect of two important techrequvidely applied in food preservation, low
temperature and modified atmosphere packaging (MAR) antibiotic resistance transfer
have been evaluated. Filter mating experiments high density inocula were conducted on
non-selective agar plates to analyze the temperaturge in which an antibiotic resistance
plasmid is transferred froiob. sakeisubspsakeito L. monocytogeneasnd to assess the effect
of three atmospheres (air, 50% £%0% N, and 100% &) on the occurrence of plasmid
transfer. MAP experiments were subsequently peddron slices of cooked ham, first with
high density inocula and afterwards with low densiiocula to approach more realistic
conditions.

In the temperature experiment, plasmid transfer otserved between 10 °C and 37 °C. The
lower limit could be decreased when the incubagienod was prolonged. When high density
inocula were used, transconjugants were detect#ld,dn agar plates and cooked ham, under
the three atmospheres at 7 °C vyielding an averagasfer ratio (number of
transconjugants/number of recipients) with an oafemagnitude of 16 — 10°. In the more
realistic set-up, with low density inocula, transfeas only detected under the 100% N
atmosphere after an incubation period of 10 days %, vielding a transfer ratio of £0
Under this condition the highest bacterial denaifg obtained.

Overall, it seems that low temperature and MAP, important hurdles preventing bacterial

growth in the food industry, do not necessarilyverd plasmid transfer to occur.
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1. Introduction

The food chain is an important source of antibioésistance. Contamination of food with
antibiotic resistant bacteria can occur in sevesa}s: 1) the use of antibiotics in the primary
production exerts a selective pressure towardsbiatit resistant bacteria, which can
contaminate the primary food product, 1l) bacté¢hiat are intentionally added to the food can
be vectors for the transfer of antibiotic resis@ntl) in every step of food production
contamination with antibiotic resistant bacteripassible (Verraest al, 2013).

To meet the consumer demand for safe and hightgdabd, the food industry has switched
increasingly to minimal processing techniques. Khal processing involves processing
methods that change the inherent fresh-like qualitgracteristics of the food as little as
possible (minimally) but at the same time provide tood product with a sufficient shelf life
(Ohlsson, 1994). The stress imposed on bacterimgluminimal processing can however
influence the expression of antibiotic resistanpbefotypic antibiotic resistance). Both
increases as decreases in phenotypic antibiotistaese have been observed. McMalebn
al. (2007b) observed a decreased phenotypic antibiesistance under temperature stress,
while an increased phenotypic antibiotic resistamas observed under acid and salt stress for
Escherichia coli Salmonella enterica subsp. enterica serovar Typhimurium and
Staphylococcus aureu$hey also demonstrated that in some cases thegehia phenotypic
antibiotic resistance was maintained even afterokein of the food preservation stress
(McMahonet al, 2007b). Ganjiaret al. (2012) found that salt stress significantly incesh
antibiotic resistance to rifampicin, penicillin anehethicillin in S. aureus while for
gentamicin a small decrease in antibiotic resistanas observed. Al-Nabulst al. (2011)
analyzed the effect of heat, cold, extreme pH domti and desiccation on the phenotypic
antibiotic resistance o€ronobacter sakazakiio 13 antibiotics. Different responses were
observed depending on the stress/antibiotic cortibmawith also strain dependent effects.
Another important aspect to be considered is thetfeat some stress parameters which are
used during food production and preservation (sashlow temperature, reduced pH,
increased osmotic stress) can have an influendbenate of plasmid transfer and hence on
the transfer of plasmid located antibiotic resiseagenes. The influence of biotic and abiotic
factors on plasmid transfer, has indeed been obdemv environmental microbiological
studies (reviewed by van Elsas & Bailey, 2002).sTihas been less extensively analyzed in
food processing related studies. The studies pwaddrindicated that the sublethal stresses
(e.g.temperature, pH, salt) imposed on food pathogemsadern food preservation systems
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can have an increasing effect on conjugation r@eslset al, 2012; Toome\et al, 2009b;
Walshet al, 2008; Mc Mahoret al, 2007a).

One important technique applied in minimal proaegss modified atmosphere packaging
(MAP). Nowadays, it often forms an essential huridleguarantee an acceptable microbial
shelf life. In MAP, the air in the package is reqgd by a specific mixture of gases of which
carbon dioxide (Cg), nitrogen (N) and oxygen (@) are the most frequently applied (Farber,
1991). Although each gas has its specific functibisg, especially C@that has antimicrobial
effects and it is most effective in foods whereoaer, Gram-negative psychrotrophic bacteria
constitute the normal spoilage community (Philig996). Some Gram-positive spoilage
bacteria such alsactobacillusspp. orBrochotrix thermosphactare usually resistant against
inhibition by CQ (Farber, 1991). As the solubility of GQdecreases with increasing
temperatures, it is important to respect the lowagje temperatures (Farber, 1991). At cold
temperatures only psychrotrophic and psychropbiicteria are able to grow. One of the few
bacterial pathogens that can multiply at low terapees isListeria monocytogeneshe
major public health concern related to this patmoge its high mortality rate. Recent
surveillance data indicated case fatality rate$27% and 21% (EFSA/ECDC, 2013; Sdk
al., 2013). Ready-to-eat (RTE) foods with a prolongkdlf life and stored under refrigerated
conditions, are considered to be risk productsligieriosis (Uyttendaelet al, 2009). A
recent European Union level survey on three tygeRTeE food showed a prevalence lof
monocytogenesf 10.3% in fish, 2.07% in meat and 0.47% in cke&gile the percentages
exceeding the level of 100 CFU' @t the end of shelf life amounted to 1.7%, 0.43% a
0.06% for fish, meat and cheese samples, respBc({ERESA, 2013).

The aim of this study was to 1) investigate thepgerature range in which plasmid transfer
from Lactobacillus sakesubspsakeito L. monocytogenesccurs, and 2) evaluate the effect
of atmosphere on plasmid transfer as it is curyamtknown if MAP can have an influence on
plasmid transfer. For this purpoddy. sakeisubspsakeiwas used as donor strain as this is a
typical Gram-positive spoilage bacterium dndmonocytogenesas used as recipient strain
representing a Gram-positive psychrotrophic pathogerthermore, these two species can be
found on RTE food packaged under modified atmosphdhe experiments analyzing
plasmid transfer under MAP conditions were condilicie non-selective agar plates and on
slices of cooked ham. Experiments were first cotetievith high density inocula to verify
the possibility of occurrence of plasmid transfader optimal conditions and subsequently

with low density inocula on the slices of cookednh® mimic more realistic conditions.
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2. Material and Methods

2.1. Bacterial strains and preparation of bacterial sksc

The donor strainl_b. sakeisubsp.sakei(LMG 21682), was obtained from the BCCM/LMG
public collection. This strain carries a plasmic@ted tet(M) gene and was originally
isolated from fermented dry sausage (Gewsrsal, 2003a). The plasmid had a size of
approximately 10 kb and théet(M) gene was not located on a transposon of the
Tn916Tn1545 family (Geverset al, 2003a). Partial sequencing of tte#(M) open reading
frame (GenBank accession number AY149584) indichigkd sequence similarities (>99.6%)
with tet(M) genes previously reported Meisseria meningitidigGeverset al, 2003a). The
recipient strainl.. monocytogenesb (MB 4572), was isolated from meat. The recipgtrain
was made resistant to rifampicin by reculturingaily on Tryptone Soya Agar (TSA) plates
containing a doublefold rifampicin concentratioradBerial stock cultures stored at -80 °C
were used to prepare the inocula for the filteringaexperiments. These stock cultures were
made by diluting a fresh liquid culture in de M&ggosa and Sharpe (MRS) broth for the
donor strain and in Brain Heart Infusion (BHI) brdor the recipient strain and subsequently
incubating at 37 °C (aerobically for the recipistrain and anaerobically for the donor strain).
Bacteria were collected at an optical density & 66 (OQoo nm Of 1.0 for the donor strain
and 0.75 for the recipient strain. Subsequentl$p 1%/v %) glycerol was added and aliquots

were stored at -80 °C.

2.2. Filter mating

Plasmid transfer experiments were conducted ofes@d5um mixed cellulose esters filters
(25 mm diameter) (Millipore, USA). For each expesgimy frozen aliquots of the stock
cultures of the donor and recipient strain weré¢ feiminutes at room temperature before
adding 200 pL of these to 5 mL of MRS broth for ttenor strain and of TSB containing
0.6% yeast extract (TSBYE) for the recipient stréifier 3.5 hours incubation at 37 °C under
microaerophilic (5% ¢) conditions (donor strain) and aerobic conditigrecipient strain),
the strains were diluted. Subsequently, 1 mL ofdbmeor strain was mixed with 1 mL of the
recipient strain. This mixture was applied on thiers using a Swinnex filter holder
(Millipore). The inoculated filters were subsequerput on the appropriate medium and
incubated at the conditions indicated below. Afteubation, the filters were transferred into
2 mL Ringer solution (Oxoid) and were vortexed ®vauring 1 minute (wash solution). The

suspended bacteria were analyzed by plate counfisgrial dilutions. For the detection of
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transconjugants TSAYE plates containing 50 pg'mtampicin and 10 pg mt tetracycline
were used. The enumeration of the donor strain d@se on MRS plates containing
10 pg mL* tetracycline, while for the enumeration of theip@mnt strain TSAYE plates
containing 50 ug mt rifampicin were used. The plates selective forttaasconjugants and
the recipient strain were incubated for 48 hour87atC under aerobic conditions, while the
plates selective for the donor strain were incubafer 48 hours at 37 °C under
microaerophilic conditions.

The transfer ratio was determined as ratio of thmlmer of transconjugants to the number of

recipients.

2.3. Influence of temperature

To analyze the influence of temperature on plastradsfer, both cultures of donor and
recipient were diluted 100 times in the suitabégiild growth medium before applying on the
filter. The filters were subsequently put on TSAYEtes. These plates were incubated at
7 °C, 10 °C, 15 °C, 22 °C and 37 °C. After an inatidn period of 20 hours, the filters were

washed and analyzed. For each temperature 4 filters analyzed.

2.4. Influence of modified atmosphere packaging

To determine the influence of modified atmospheaekpging on plasmid transfer, three
different experiments were conducted in which ediche three different atmospheric
conditions were tested: air, 50% &&80% N, and 100% M The packaging under modified
atmosphere was done as follows: the plates contaithie filters (n = 3) were attached in
polypropylene trays. These trays were sealed aftieling the right gas mixture with a
PET/CPP NPAF foil using a tray sealing machine 98;9Switzerland). The foil is 62 pm
thick and has an oxygen permeability of 190°an 24hH* (25 °C, 50% R.H.). In the first
experiment (Agar_High density), filters were preggthias described above and subsequently
put on TSAYE plates. After packaging, the trayseviercubated at 7 °C and the filters were
analyzed after 5 and 10 days. Before analyzindfittezs, the gas composition in the trays
was determined using a headspace gas analyzerD&Blensor A/S, Denmark). In the
second experiment (Ham_High density), the filtereravput on slices of cooked ham
(6.5+ 0.4 g), which were put into Petri disheseTdooked ham was bought in a Belgian
supermarket. Both physicochemical and microbiolaigparameters of the cooked ham were
determined by different labs of the Technology &odd Science Unit of ILVO (Table 5.1).
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The preparation of the filters was done as in tret MAP experiment, except that in this
experiment both donor and recipient strains wetatetl in maximum recovery diluent
(MRD) (Oxoid) instead of liquid growth medium. Aftpackaging, the trays were incubated
at 7 °C during 5 days. The third experiment (Hanmw laensity) was conducted in the same
manner as the second experiment, with the onlypgxarethat the filters were inoculated with
a lower density of donor and recipient strain as tapresents a more realistic situation. The
donor and recipient strains were respectivefartl 16 times diluted in MRD before adding
on the filters. Filters were analyzed after 5 arid dhys. In this last experiment tenfold
dilutions of the wash solution were made for tharearation of donor and recipient bacteria,
but for the detection of transconjugants the remgiwash solution was plated totally on

double selective medium.

Table 5.1. Range of physicochemical and microbiological pagters of the cooked ham used
in the different experiments.

Parameter High density experiment  Low density erpemt
pH 6.01 - 6.15 6.10-6.17

aw 0.976 - 0.978 0.973-0.974
Salt (%) 1.9-21 1.1-1.2
Moisture content (%) 74.1-74.6 73.4-73.6
Lactate (%) 0.709 - 0.785 0.629 - 0.655
Acetate (%) 0.059 - 0.135 0.006 - 0.009
L. monocytogenes Absent Absent

Lactic acid bacteria (CFUY 85x16->3.0x 16 < 10.0

Total psychrotrophic number 1.3 x 10 - >3.0 x 16 <10.0
(Aerobic) (CFU ¢

Total psychrotrophic number 1.1 x 16 - >3.0 x 16 < 10.0

(Anaerobic) (CFU 9)

2.5. Confirmation of the transconjugant status

To confirm that the colonies detected on the doubdédective plates were indeed
L. monocytogenesontaining the plasmid, a selection of putatiansiconjugants were picked
from the double selective plates and plated ontw deuble selective plates. After overnight
incubation at 37 °C under aerobic conditions, lgsatere made by adding a full inoculation
loop to 100 pL sterile water and boiling this fd@ rhinutes. The lysates were stored at -20 °C.

For the specific detection df. monocytogenesa PCR was performed with the primers
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Lm486-505F (5-ACAAGCTGCACCTGTTGCAG-3) and Lm106Mm79R
(5-GAACCTTGATTAGCATTCGT-3’) as described by Van {le et al. (2004). A second
PCR detected the presence of thet(M) gene using the primerstet(M)-F
(5-GTGGACAAAGGTACAACGAG-3) andtet(M)-R (5-CGGTAAAGTTCGTCA
CACAC-3) according to the thermal cycling protoadlToomeyet al. (2009a).

2.6. Statistical analysis

Before analysis, normality was tested by the Slayiilk test. Because normality could not
be obtained for every situation, not even aftendfarmation of the data and because the
small number of repeats, it was decided to perfaron-parametric tests using the
Kruskal-Wallis test. Analyses were performed udiBlyl SPSS 22.0 (IBM Corp., USA) and
significant differences were consideredPat 0.05.

3. Results

The filter mating technique was used to study thasfer of an antibiotic resistance plasmid
from Lb. sakeisubspsakeito L. monocytogenesnder several food related stress factors. In
each experiment the transfer ratio is expressethe@dog of the ratio of the number of

transconjugants to the number of recipients.

3.1. Influence of temperature

To analyze the effect of cold temperature, theerltwere inoculated with a mixture of
10" CFU mL* donor and 16CFU mL? recipient and incubated overnight at temperatures
ranging between 7 °C and 37 °C. At 7 °C no tranggamts were formed and at 10 °C only
for one of the 4 filters one transconjugant wasdetd on the double selective plate (Figure
5.1a). The transconjugant status, belngmonocytogenesarrying thetet(M) gene was
confirmed by PCR. Among the three remaining tenipees, the number of transconjugants
ranged between (2.250.50) x 16 CFU mL! and (2.45 + 0.51) x £@CFU mL* with the
highest number of transconjugants at 22 °C. At €2tlie highest number of recipients
((8.52+ 6.99) x 1§ CFU mL") was found. The number of donors ranged between
(3.13+ 1.41) x 16 CFU mL* and (3.53 1.03) x 16 CFU mL™. The transfer ratio decreased
with decreasing temperature, with almost a 2 logucton in transfer ratio from
(1.12+ 0.51) x 10 to 1.41 x 10 between 37 °C and 10 °C (Figure 5.1b).
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3.2. Influence of modified atmosphere packaging

The influence of MAP was explored by three diffdrerperiments. In each experiment the
same filter mating technique as above was usedihayt differed from each other by the
medium on which the filter was applied and by theculation density.

In the first experiment (Agar_High density), a moisg of 16 CFU mL" donor and
16 CFU mL* recipient was brought onto the filters which wetbsequently placed on agar
plates. The plates were placed in trays and padkageder three different conditions, air,
50% CQJ/50% N, and 100% M The trays were subsequently placed at 7 °C aed afand
10 days the filters were analyzed (Figure 5.2a).cdmtrast to the previous experiment
(influence of temperature) in which no transconjugavere observed after an incubation of
the filters for 20 h at 7 °C, transconjugants wdetected in this experiment in which the
filters were incubated for 5 and 10 days at 7 °@Ge humber of transconjugants ranged
between (3.7@ 1.59) x 16 CFU mL* and (1.28 0.74) x 16 CFU mL* for the three
conditions on day 5 and on day 10 the range waseeet (1.04 0.33) x 18 CFU mL* and
(7.85+ 3.23) x 18 CFU mL". No statistically significant differences were foubetween the
different atmospheres on the two time points, netwken the two time points for the
different atmospheres. The lowest number of renipievas found on the filters that were
incubated under the 50% G/60% N, atmosphere. Both on day 5 and on day 10, the numbe
of recipients remained below the number of recitsiemhich was added on the filter. The
donor was able to grow and reached under everyitmmdan order of magnitude of
10° CFU mL™. Although it seems that the transfer ratio is kighnder modified atmosphere
conditions (order of magnitude 1010°) than under ambient air (order of magnitud&)10

this was not confirmed statistically (Figure 5.2tdd able 5.2).
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Figure5.1. (a) Cell densities obtained on filters incubated on agar at different tempera
(b) transfer ratio obtained on filters incubated on agar at different temperatures. Mean
sharing common lowercase letters are not significantly diffelP <0.05).
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In the second experiment (Ham_High density) the esanigh inoculation densities
(10" CFU mL* donor and 19CFU mL* recipient ) were used and plasmid transfer was
examined under the same conditions (air, 50%/8% N, and 100% B after 5 days, but
the filters were now placed on slices of cooked h@figure 5.3a). The number of
transconjugants ranged from (29€0.16) x 16 CFU mL* to (7.55+ 4.45) x 16 CFU mL*
with no statistically significant differences. Fat three atmosphere conditions, the number of
recipients decreased slightly compared to the iladicun density. The donor strain was able to
grow under the three conditions as the number abdodetected on the filters had an order
of magnitude of 1DCFU mL* with no statistically significant differences beten the three
conditions. The transfer ratio for the three caondg was comparable, with an order of
magnitude of 18 (Fig 5.3b and table 5.2).
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In the last experiment (Ham_Low density) the fdtevere inoculated with a low dens

and

donor

(5.26 + 0.56) x {CFUmML™

(4.24 +1.01) x 1DCFU mL* recipient, and placed on slices of cooked ham. ysiglwas
done after 5 and 10 days (Figure 5.4). Twice astanjugant was detected on a filter wr

on «€rage

containing

mixture,

was incubated under 100% Nuring 10 days. The transconjugant status of th@secblonies

was confirmed by PCR. After 5 days the number a@ipients had not increased mu

compared to the inoculation density and the nunaberecipient for the 50¢ CO,/50% N

condition had stayed lmv the inoculation level. However, no statistigakignificant

differences were observed between the three conditiAfter 10 days the number

recipients had increased to an order of magnitud@0®- 10* CFU mL™, but again no
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The donor had already increased after 5 day* - 10® CFU mLY) and reached a density
10" - 1¢® CFU mL* after 10 days. The two detected transconjugantdedea transfer ratio

10°(Table 5.2).
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Figure 5.4. Cell densities obtained on filters inoculated witlv cell densities and incubat:

on cooked ham under different atmospheres °C during 5 and10 days. Mean value

sharing common lowercase letterse not significantly differentX<0.05).
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Table 5.2. Range of the transfer ratio (humber of transcoajug/number of recipients)
obtained in the different MAP experiments.

Experimental set-up  Incubation time Atmosphere Transfer ratio range
(days)
Agar_High density 5 Air 1.87 x 10- 3.29 x 16
50% CQ/50% N,  2.93 x 10 — 9.64 x 10
100% N 5.74 x 16 — 2.78 x 10
10 Air 7.08 x 10 —3.34 x 10
50% CQ/50% N, 2.94 x 10 — 3.93 x 1¢
100% N 2.08 x 10— 5.26 x 10
Ham_High density 5 Air 1.65 x T0- 4.32 x 10
50% CQ/50% N, 1.80 x 10— 2.09 x 10
100% N 5.94 x 10 — 1.88 x 10
Ham_Low density 5 Air No transfer detected
50% CQ/50% N>  No transfer detected
100% N No transfer detected
10 Air No transfer detected
50% CQ/50% N>  No transfer detected
100% N 3.75x 10 — 4.14 x 10

4. Discussion

The role of the food industry in the emergence mtibéotic resistance has recently been
reviewed by Capita & Alonso-Calleja (2013) and \&eset al. (2013). Although the use of
antibiotics in the primary production is consideesda main risk factor, the influence of food
processing may not be ignored. Sublethal food pvatien stress has been shown to
contribute to both the phenotypic antibiotic resmise as to the transfer of antibiotic resistance
determinants (Mc Mahoat al, 2007a; McMahoret al, 2007b; Walstet al, 2008; Toomey

et al, 2009b; Al-Nabulskt al, 2011; Beulset al, 2012; Ganjiaret al. 2012). In the case of
antibiotic resistance transfer, conjugation is a&r®ed as the most important mechanism as
conjugative or mobilizable plasmids are the moshimmn transmission vectors for antibiotic
resistance genes (Boerlin & Reid-Smith, 2008; HawkeJones, 2009). In this study, the
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effect of low temperature and of MAP on plasmidngfer was investigated. To our
knowledge, the effect of MAP on plasmid transfes haver been evaluated before.

Antibiotic resistance transfer froirb. sakeisubspsakeito L. monocytogenewas studied in

a temperature range of 7 °C — 37 °C. After 20 hofiiscubation transfer was detected in the
range of 10 °C — 37 °C. The results also indiché¢ transfer ratio decreases with decreasing
temperature. This finding is in line with the gesderonsensus that low temperatures have a
negative effect on plasmid transfer (Fernandezfstet al, 1992). However, precaution is
warranted when defining the range within which plaktransfer occurs as this seems to be
dependent of the experimental set-up. In this strathysfer was not observed at 7 °C when the
filters were incubated during 20 hours. In the sgoent experiment, however,
transconjugants were detected after an incubagoiogh of 5 and 10 days at 7 °C, yielding an
average transfer ratio of Gt both time points (Figure 5.2). Singleton & An4d981) also
demonstrated that by prolonging the mating pertoahsfer could be detected at a lower
temperature. Additionally, the nature of the trengfnvironment can play a role. The transfer
ratios obtained in this study were about one lgghéi on cooked ham than on the agar plates
(Figure 5.2b and Figure 5.3b). Walsh al. (2008) observed that at 15 °C transfer only
occurred in meat and not in milk or broth. Coccdincet al. (2003) followed antibiotic
resistance gene transfer limterococcus faecaliduring cheese and sausage fermentation at
10 and 30 °C. In the cheese model, transconjugaets observed after a longer period of
time at 10 °C than at 30 °C. In sausages, higlaaster rates were obtained than in cheese.
Furthermore, similar transconjugant kinetics weyantd in sausages at both temperatures.
Rizzotti et al (2009) found that tetracycline rémmce transfer took place at 30 °C between
one of threeE. faecalisdonor strains and.isteria innocuaon fresh pork meat and dry
fermented sausage slice samples whereas no trama$eobserved at 10 °C. Because of the
diversity in experimental set-up of the previoustiened studies, it is however very difficult
to compare our results and draw general conclusimging the need for more studies in this
field.

Further in this study, the effect of modified atmlesre packaging on plasmid transfer was
analyzed. This was first dona vitro via filter matings on agar plategith high density
inocula and subsequently situon cooked ham slices with both high and low dgnaibcula.
Cooked ham was chosen as food product becausa repaesent processed RTE foods that
can be considered as high risk foods with regaitd taonocytogenedue to the possibility of
contamination during processing or further handang which have a prolonged storage time

under refrigeration. In Belgium, the prevalencé.omonocytogenesn cooked meat products
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was 4.9% during 1997 - 1998 and 1.1% during 20007 (Uyttendaeleet al, 1999;
Uyttendaeleet al, 2009). On EU level a prevalence of 2.07% at thet & shelf life has been
reported for packaged heat-treated meat produéiSAE2013). The origin of contamination
of cooked ham is most likely post processing. Wes indicated in the study of Uyttendaele
et al. (1999), who found a prevalence of 1.40% on codiad before slicing and 6.14% after
slicing. In a recent outbreak bf monocytogeneassociated with cooked ham in Switzerland,
the source of contamination was not the producpiamt, but a company where the slicing
and the packaging was done (Hachéral, 2013). Lactobacillus spp. (predominantly
Lb. sakeiandLb. curvatu$ is one of the most important members of the sgeilmicrobiota
of vacuum or modified atmosphere packaged cookedtané/ermeirenet al, 2004).
Lb. sakeihas for example been associated with spoilagéoafdscooked ham (Samelk al,
1998). This species is considered as one of the psyshrophilic species of lactobacilli as
some strains are able to grow at 2—4 °C (Champeveegeset al, 2002). In thein vitro
situation (agar — high density),. monocytogenesvas not able to grow under the 50%
CO./50% N, modified atmosphere, not after 5 days nor aftedds, while the donor strain
grew under every condition to a density of T0FU mL*. Plasmid transfer was observed
under every condition. Although it seemed that titaasfer ratio is higher under modified
atmosphere conditions (order of magnitudé100°) than under ambient air (order of
magnitude 18), this was not confirmed statistically (Figure t5.2Nevertheless, the results
suggest that it is rather the absence of oxygeningwan effect on plasmid transfer than the
presence of CO From these results, it is clear that plasmiddf@ncan occur at least as
easily under modified atmospheres as under airigtond. When filters with high density
inocula were applied on the cooked ham (cooked-haigh density)L.. monocytogenesas
not able to grow after 5 days under any of theetloenditions, whild_b. sakeisubsp sakei
was again able to grow under every circumstanagu(Ei5.3a). Under the three conditions,
plasmid transfer had occurred and the obtainedageetransfer ratio had an order of
magnitude of 18 (Figure 5.3b). Although, lower donor and recipidensities were obtained
on the filters incubated on cooked ham, the transf#o was in the range that was reached in
thein vitro experiment. These results indicate that cooked ¢temrepresent an environment
suitable for antibiotic resistance transfer betwéactic acid bacteria and the pathogen
L. monocytogenes

All the experiments so far were performed with hagnsity inocula to provide a proof of
concept. These high densitiesLofmonocytogenesere far above the EU legal safety criteria

which state that. monocytogenes RTE foods, other than those intended for irdaartd for
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special medical purposes should not exceed the difio0 CFU g throughout the shelf life
(OJEU, 2005b). With regard to psychrotrophic laetied bacteria, there is a target value of
10" CFU ¢* at the end of shelf life. The food product shoh@vever only be rejected on
condition that there are unacceptable sensory ataliies (Uyttendaelet al, 2010). Taking
these values into account, an experiment with lemsties was conducted to simulate a more
realistic condition (Figure 5.4). After 5 days, thember ofL. monocytogenebad slightly
increased, except under the 50%50% N> condition. After 10 daysl.. monocytogenes
obtained, under the aerobic and 100%cNnditions, a density in the order of magnitude of
10°CFU mL*. After 5 days, the number of donor bacteria haneiased with at least 2 log
and an increase with 5 log-6 log was obtained dffedays. After 10 days and only under the
100% N condition, a few transconjugants were detectediddrhis condition, the highest
bacterial density was observed on the filters. starcessful plasmid transfer, there has to be
cell-cell contact and the cells have to be metabadtive. There are no indications that the
cells were not metabolic active as growth of botima and recipient was observed. This
suggests that close cell-cell contact, and thusebat density, was the determining factor.
Although only two transconjugants were observeis, phesented a transfer ratio in the order
of magnitude of 18, which is in the same range as the transfer ratixained in the above-
mentioned MAP experiments with high density inocuMdter 10 days however, the safety
criteria (<100 CFU @) for L. monocytogenebad been exceeded approximately a hundred

times.

Overall, it can be concluded that antibiotic resise can be transferred frdrh. sakeisubsp.
sakeito L. monocytogeneander low temperature and under MAP conditionse Tésults
indicate the importance of respecting the cold rches it seems that the risk of plasmid
transfer increases with increasing temperatureghEunore, the results suggested that density
could be a determining factor. In this study, tfansvas only observed under densities which
exceeded the food safety criteria or guidelinedicating that when these are respected with
the aid of good manufacturing practice (GMP) anddgbygiene practice (GHP), the chance
of antibiotic resistance transfer under these omstances is minimal, however not
unimportant. In this respect, it is again importemtespect the cold chain as on the one hand
low temperatures reduce the growth of bacteria@ndhe other hand low temperatures are
needed to guarantee the inhibiting effect of,C&till, in order to conclude that the role of
MAP in the contribution of the food production chatio the dissemination of antibiotic

resistance determinants is indeed minimal moreesuate necessary.
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Following headlines appeared in the media last: y&aperbacterie duikt meer en meer op in
ons vlees” lttp://www.deredactie.hedd. 25/05/2013), “Antibiotic-Resistant 'Superbugs

Creep Into Nation's Food Supplyht{p://www.cnbc.com dd. 18/04/2013). The particular

feature of superbugs is their multidrug resistanCensequently, they are difficult or

impossible to treat (Collignon, 2018ut where does this antibiotic resistance come from?

1. The food chain
In food production several critical points can beauntered which may contribute to the
emergence and dissemination of antibiotic resigtaiMain stages in the food production

chain are primary production, processing, distidouind preparation.

1.1. Primary animal production, selection for antibiotiesistance and horizontal

gene transfer
In the case of food from animal origin, the primgmpduction includes the breeding and
rearing of the animals intended for consumptionisitgenerally agreed that the use of
antibiotics in the primary production is a mainvilig force in the emergence of antibiotic
resistance, since at that stage there is alreadigeation for resistant bacteria.
The ways and the speed by which bacteria can be@nbiotic resistant are both very
intriguing, but also terrifying. Bacteria can aaguiextra genetic material by three main
mechanisms, conjugation, transduction and transibam. In the case of antibiotic resistance,
conjugation plays a major role. @hapter 2, we have demonstrated that a multiresistance
plasmid with an environmental origin can be transig successfully t&almonellaspp. and
Escherichia coliO157:H7. A remarkable observation was tBalmonella entericaubsp.
entericaserovar Enteritidis, which is considered to be asteptible” serovar, seemed to
acquire the plasmid the most readilgalmonella entericasubsp. enterica serovar
Typhimurium, on the other hand, is often associateth multiresistance. The classic
example isS. entericaserovar Typhimurium DT104 which carries five amtlr resistance
genes associated with the presence ofShbnonellagenomic island 1. These resistance
genes are located in a complex class 1 integrdegians are an example of the genius
systems that bacteria possess to capture antibbegistance genes. @hapter 3, a Belgian
collection of STEC strains was screened for thesgmee of integrons and subsequently the

present gene cassettes were identified. Althoudi o types of gene cassettes, encoding
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resistance to streptomycin/spectinomycin and tadthoprim, were retrieved in this specific
collection, it is appropriate to approach integrevith caution as they are often associated
with multiresistance and are found widespread ianGnegative pathogens. Even though in
our study integrons were only found among the husanples, there are multiple reports in
the literature about integron-positie coli originating from food animals (swine, cattle,
poultry, sheep, goate(g.Zhaoet al, 2001; Whiteet al, 2002; Guerrat al, 2003; Sdenet

al., 2004; Sunde, 2005; Bt al, 2005; Lapierreet al, 2008; Povilonist al, 2010; Soufiet

al.,, 2011; Glenret al, 2012; Ben Sallenet al, 2012; Marchanet al, 2013; Ramot al,
2013) and food products, such as ready-to-eat sataBortugal (Campaost al, 2013), retail
chicken products in Portugal (Sihe al, 2012), raw chicken meat in Thailand (Chaisetit
al., 2012), fish & seafood in Korea (Rt al, 2012), retail meat products in China @tial,
2011), traditional Egyptian cheese (Hamneddhl, 2009), turkey meat products in the USA

(Khaitsaet al, 2008). These studies involved both pathogenimaspathogeni&. coli.

Once antibiotic resistance has emerged in food a@siihcan reach humans by several routes,
of which food is the most important one, but direcntact with the animals and the
environment can also play a role. Several contrebsares can be applied to lower the
development and dissemination of resistant bactameong food animals and in food
products. These are based on three fundamentaitagparestruget al, 2008):

) Knowledge of the magnitude & nature of the problérhis knowledge can be
gathered by monitoring antibiotic resistance ad a®lantibiotic usage. Recently,
a Center of Expertise on Antimicrobial Consumptanmd Resistance in Animals
(AMCRA) was founded in Belgium with the aim of peating both public and
animal health and welfare, and accomplishing aasable policy of veterinary
antimicrobial use in Belgium. An example of theidtes of AMCRA are the
guides which have been prepared for different se¢mgs, poultry and cattle) on
animal health on farms, well-considered use of bacterial agents and
formularies.

1)) Limiting the selective pressure by controlling amdgtic usage. This can be
obtained by for example altering the prescriptiord application policy and
behavior or by banning antibiotics, such as the wde ban of antibiotics as
additives in animal nutrition for growth promotingurposes (EC regulation
1831/2003 (OJEU, 2003a)).
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1)) Controlling spread of resistant bacteria. Two messuelated to this aspect are
improving hygiene and setting thresholds for caertypes of resistant bacteria.
One of the forerunners in controlling the emergeaod spread of antibiotic
resistant bacteria is Denmark, where several cbmnimeasures have been
implemented, such as among others the ban on tiieeoprophylactic use of
antimicrobials in animals, the limitation of theofit veterinarians can generate
from the direct sale of drugs, restriction on tise wf antimicrobials of particular
public health significance, the development of kiatey treatment guidelines, the

implementation of preventive veterinary medicinahtegies (Wegener, 2006).

1.2. Food processing
1.2.1 L eqgislation, self-checking, GHP and HACCP
In 2002, the European Union issued regulation (HG)178/2002 laying down the general

principles and requirements of food law, estabtighhe European Food Safety Authority and
laying down procedures in matters of food safellgo &nown as the general food law (OJEC,
2002). This regulation was implemented in Belgiaw | by the Royal Decision of
14" November 2003 (KB-14/11/2003) regarding self-cliegk(autocontrole), compulsory
notification and traceability in the food chain (giech Staatsblad, 2003). This self-checking
system should include good hygiene practices (GHRgard Analysis - Critical Control
Point (HACCP) principles, policies, traceability camecall requirements in the specific
company setting. Good hygiene practices comprisectimditions and measures necessary to
ensure the safety and suitability of food at agss of the food chain (FAO/WHO, 2007),
while HACCP can be defined as a methodology thantifles, evaluates, and controls
hazards that are significant for food safety (Janz®t al, 2009). It is mandatory for all
business operators with activities in the food keh@i introduce, implement and sustain a
self-checking system with the exception of the pnynsector. This last sector has to perform
controls on the hygiene requirements and has tp kegisters as mentioned in the Royal
Decision of 14 November 2003 (Belgisch Staatsblad, 2003). Foajeme is also regulated
on European level by the hygiene package, whiclsistsout of three regulations, one on the
hygiene of foodstuffs ((EC) No 852/2004), one vatiecific hygiene rules for food of animal
origin ((EC) No 853/2004) and the last one withcfierules for the organization of official
controls on products of animal origin intended miman consumption ((EC) No 854/2004)

(OJEU, 2004a, b, c). Microbiological criteria (bdibod safety criteria as well as process
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hygiene criteria) for foodstuffs have been laid dawregulation (EC) No 2073/2005 (OJEU,
2005b). It goes without saying that these (hygiersgulations also contribute to the

restriction of the transfer of antibiotic resistéaicteria to humans through food.

1.2.2 Biofilms, multiple aspects to reflect on in the domdustry

One of the major concerns of the food industry ie presence of biofilms in a food
processing environment, which can form a persissogrce of contamination during food
production. Both spoilage and pathogenic bactepalcies can be involved. As an example,
biofilms in an ice cream plant contained followir@ram-negative bacteriaProteus
Enterobacter Citrobacter, Shigella Escherichia Edwardsiella Aeromonas Plesiomonas
Moraxellas Pseudomonasand Alcaligenes spp. and following Gram-positive bacteria:
StaphylococcysBacillus, Listeria spp. and lactic acid bacteria such @septococcus
Leuconostocor Pediococcusspp. (Gunduz & Tuncel, 2006). Furthermore, bio$lrare
considered to be hotspots for horizontal gene tear{fSarenseset al, 2005). InChapter 4,
high transfer rates of a multiresistance plasmidiafilm models which are representative for
biofilms in the food industry were found. This indtes the importance to not only consider
biofilms as a source of contamination in the fooacpssing environment, but also as a source
for the further dissemination of antibiotic resrsta due to increased plasmid transfer. It is
therefore of uttermost importance to eliminate ius in the food industry. However, this is
easier said than done. The standard method to eetiofilms is cleaning and disinfection.
Cleaning comprises the removal of food debris amideroresidues that may contain
microorganisms or promote microbial growth, whilsinfection aims at diminishing the
surface population of viable cells left after cliemnand prevent microbial growth on surfaces
before production restart (Simdes al, 2010). Up to 90% or more of surface-associated
microorganisms can be removed by the cleaning psyd®wever it is not suited to kill them
(Chmielewski & Frank, 2003). Two aspects concernihg use of disinfectants deserve
consideration, namely the higher resistance toetltesnpounds in biofilms and the possible
link between biocide usage and antibiotic resisgtariiofiim cells are in general more
resistant to disinfectants than planktonic cellateRtial mechanisms involved in this
resistance are transport limitations, which seerbetoelated mainly to interactions between
the biocide and biofilm components; phenotypic aakapns of biofilm cells as a result of
adaptive responses to sublethal concentrationsisifelctants; phenotypic adaptations of
cells in a biofilm environment resulting from thepeession of specific genes in response to

their direct microenvironmental conditions; horiz@ngene transfer of biocide resistance
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genes and mutations; protection due to the presehamultiple species in the biofilm
(reviewed by Bridieet al, 2011). As reported in the introduction, the ukbiocides can lead
to the emergence of antibiotic resistance. Thisbeen demonstrated multiple times under
laboratory conditions (reviewed by SCENIHR, 200R)ere is however still some ambiguity
about this link.

The aforementioned issues associated with bioaides the need for new biofilm control
strategies. Some anti-biofilm strategies that heacently been explored are amongst other
enzyme-based detergents, bacteriophages, esseil§al bacteriocins, quorum sensing
inhibitors, etc. (Simdeegt al, 2010; Bridieret al, 2011; Giaouriset al, 2014). Enzymes
could be helpful in the cleaning process by prongpthe natural degradation of the biofilm
matrix (Bridieret al, 2011). There are however some drawbacks (Sirabak, 2010). The
specificity in the enzyme mode of action makes uke of formulations containing several
different enzymes essential for a successful mofibntrol strategy. Furthermore, enzymes
are expensive compared to chemicals. Bacteriophbges been successful in controlling
biofilms of Pseudomonas fluorescemseudomonas aerugingsataphylococcus epidermidis
and Listeria monocytogeneSoni & Nannapaneni, 2010). Essential oils arévactolatile
compounds that are produced as secondary metabbjitsany herbs and spices (Giaoetis
al., 2014). Giaourist al. (2014) gives an overview of studies which have aiestrated the
anti-biofilm action of several essential oils ahdit components. However, further research is
needed as increased bacterial biofilm formatioeraguibinhibitory exposure to essential oil
compounds has also been demonstrated (Saatlasj 2008). Bacteriocins are ribosomally
synthesized antimicrobial peptides produced by lomeerium that are active against other
bacteria, either in the same species (narrow-gpag¢iror across genera (broad-spectrum)
(Cotter et al, 2005). The biofilm control potential of bactelio® has been studied for
example against. monocytogeneg¢Garcia-Almendarezt al, 2008; Winkelstroteret al,
2011; Gomeet al, 2012). Quorum sensing inhibitors which inhibibfdim formation are for
example brominated furanones and acyl homosertterlas (AHL) analogs (Sintirat al,
2010). The indications that bacteria could possildyelop resistance against quorum sensing
inhibitors (Defoirdtet al, 2010) demonstrate the need for further reseaociterning the

possibilities of resistance development againsgeahmeechanisms by bacteria.
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1.2.3Minimal food processing

The food industry increasingly applies minimal g@ssing techniques to satisfy the consumer
demand for healthy food with superior organoletioperties. These methods change the
inherent fresh-like quality characteristics of fhed as little as possible (minimally), but at
the same time provide the food product with a sigdfit shelf life (Ohlsson, 1994). However,
there is a lack of knowledge about how these teglas contribute to the emergence and the

dissemination of antibiotic resistance in our food.

In food preservation, combination technology islegap This means that the microorganisms
present on the food are subjected to a combinatiahfferent hurdles, namely preservation
techniques at low intensities, with the aim to prvgrowth and proliferation of the
undesired microorganisms. More than 60 possiblelesrhave been described of which
temperature (high or low), water activity wja acidity (pH), redox potential (Eh),
preservativese(.g. nitrite, sorbate, sulphite), and competitive maxganisms €.9. lactic acid
bacteria) are the most important (Leistner, 2008¢ effect of some of these hurdles (mainly
temperature and pH) on plasmid transfer has beplorexi. Modified atmosphere packaging
is a hurdle that is increasingly applied in fooeégarvation, but which has to our knowledge
not been implicated in studies on plasmid trandfeChapter 5, plasmid transfer under low
temperature and under modified atmosphere conditiwas evaluated. Oun vitro results
(agar plates with high inoculum densities) indidatkat the lower limit at which plasmid
transfer occurs can vary according to the storageg. Although the modified atmosphere
could prevent or retard the growth of the recipistnain L. monocytogenégsit could not
prevent plasmid transfer and transfer rates obdauneder different atmosphere conditions
were not significantly different. In other wordblegte is a risk of plasmid transfer during food
preservation. This was also observed in ithesitu experiments with cooked ham at high
inoculum densities. At European level microbiol@jicriteria are established to ensure food
safety (EC No 2073/2005 (OJEU, 2005b)). For readgét foods able to support the growth
of L. monocytogene@ther than those intended for infants and forcspenedical purposes)
the threshold of.. monocytogeneis set at 100 CFUat the end of the shelf life. Keeping
this in mind, an experiment with cooked ham wasfggared with similar low inoculum
densities of both recipient and donor strdiactobacillus sakesubsp.sakeiwas used as
donor strain. Only under the condition (10 dayd@®% N) which yielded an average of
16 CFU mL* donor and 1CFU mL* recipient, a few transconjugants were detected. Fo

lactic acid bacteria, there are no strict critéoiamulated, however there are guidelines which
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mention a threshold of I@FU g* at the end of shelf life (Uyttendaele, 2010). Shecessful
transfer in the former experiment was accompaniedumbers of the recipient strain which
exceeded the legal microbiological criteria appmwediely a hundred times, and by numbers of
the donor strain which can be associated with fepdilage. These findings indicate that
under normal circumstances the risk of plasmidsfiemis minimal. Further research is

needed to resolve if it is negligible as well.

1.2.4S0S response
Stress encountered by bacteria during food pratgssid preservation may trigger bacterial

responses leading to enhanced survival. An examplesuch a mechanism is the SOS
response, a global regulatory network targetedidtessing DNA damage (Ergit al, 2007).
The SOS response from a food safety perspectiveckastly been reviewed by van der Veen
& Abee (2011). Stress factors that possibly provake SOS response include food
preservation factore(g. UV-radiation, preservatives), food processingdezie.g.heat, high
pressure) and/or cleaning agents such as oxidedingounds, which can result in increased
stress resistance and induction of genetic diweKsitn der Veen & Abee, 2011). Several
aspects addressed in this thesis are associasednia way with the SOS response. Antibiotics
can be inducers of the SOS response resulting tibiatic resistance by the formation of
persisters, enhancing the mutation rate or by $atimg horizontal gene transfer (reviewed by
Rodriguez-Rojast al, 2013). Furthermore, it was recently discovered the SOS response
controls integron recombination (Guerh al, 2009). Both conjugation and transformation
can induce the SOS response, hereby triggeringrase expression (Baharogitial, 2010,
2012).The SOS response also plays a role in biofilm foionaas has been demonstrated for
example inL. monocytogenevan der Veen & Abee, 2010) andMn aeruginosgChellappa

et al, 2013). In heterogeneous and nutrient-deprivedilimomicroenvironments, the
induction of the SOS response can lead to biofgy@egic high tolerance to the antibiotic
ofloxacin (Bernieret al, 2013). The above clearly shows that the SOS respplays an

important role in the adaptive capacity of bacteuang adverse conditions.
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1.3. Antibiotic resistance transfer during food prodwuctiand preservation: the
example of cooked ham
Cooked ham is generally prepared from porcine whalscles. The raw material has to pass
several processing steps before cooked ham isneotaiThe main processes are brining,
tumbling, cooking, cooling, slicing and packagifidne bacterial count of the raw material
should be as low as possible, preferably betweér-1@ CFU g, as this helps to keep the
bacterial count low throughout the manufacturingcgss and it greatly enhances the shelf
life of the cooked product (Feiner, 2006). Duringnimg, a solution of sodium chloride,
nitrites and possibly other ingredients are injdat#o the meat. The brine injection level and
the ingredients used are characteristic for eacymt and determine the cooked ham quality
(Casiraghiet al, 2007). In order to avoid bacterial growth in thgeected meat, it is important
that the brine is kept at a low temperature (Fei2@06). Tumbling is a mechanical operation
by which the brine is evenly distributed in the maad proteins are extracted from muscle
fibres (Casiraghiet al, 2007). This is also best done at low temperattiener, 2006).
Before cooking, the tumbled meat is formed by plgdi in moulds or casings. Sometimes
the tumbled meat is first vacuum packed beforeimmtit into the moulds. The cooked
product can yield in this way long shelf lives asrecontamination can occur after cooking
under normal conditions. The cooking normally takdace at 74 - 80 °C until a core
temperature of 69 72 °C is obtained and serves to denature protsiagjlize the curing
colour, intensify the flavour, improve the textaed destroy pathogens (Feiner, 2006). After
cooking, it is essential to bring the meat quiddya temperature below 10 °C as spores who
have survived the cooking process can germinategeowl at temperatures above 10 °C. The
products are usually first showered or bathed ild emater before placing them in a blast
chiller. Slicing represents the stage with the bajhrisk of contamination. This risk can be
decreased by providing a strict separation betvwgenand post-cook areas, by maintaining
high personal hygiene and by applying a positivaagative air pressure in the slicing rooms
(Feiner, 2006). The formation of condensation loalset avoided as well. Sliced products are
predominantly packed under modified atmospherethabthe individual slices do not stick
together and the product is not squeezed as ifgghokder vacuum. For an optimal shelf life
and to prevent bacterial growth as much as possfdeked products should be stored
between -1 and 4 °C (Feiner, 2006).
Sameliset al. (1998) followed the microbiology at several stagaang the manufacturing of
cooked ham. At the beginning of the process pseodans dominated the microbiota, while

114



General Discussion

during tumbling, lactic acid bacteria became domindt was also during tumbling that
cross-contamination of the meat with monocytogenesccurred.L. monocytogenesvas
eliminated by the heat processing step and wasablseing storage. After heat processing
and cooling only lactic acid bacteria were ablgtow during storage in vacuum packs. The
microbiota of Belgian artisan cooked ham packedeundodified atmosphere consisted of
Leuconostospp.,Carnobacteriumspp. andBrochothrix thermosphact@/asilopouloset al,
2010). These bacteria were also detected in ravblagmmeat suggesting the presence of a
“house microbiota”, consisting of microorganismsiethare introduced onto surfaces and
into the environment of the processing line throaghtact with the meat and of its handling
by the personnel (Vasilopoul@t al, 2010). As the heat treatment during the procgssin
cooked ham will kill most vegetative cells, it isore likely that recontamination of cooked
meat products occurs during handling, slicing angbackaging. Audenaest al. (2010)
reported a common lactic acid bacteria contaminaitioa study of cooked ham, turkey and
chicken products. The processing occurred on @iffielocations for poultry and pork, while
the slicing and the packaging took place in theespamduction plant. Contamination with the
pathogenL. monocytogenealso occurs most likely during post-processingt{&hdaeleet
al., 1999). The source of contamination in a reéemhonocytogenesutbreak in Switzerland
associated with cooked ham, was not the produgilant itself, but a company where the
slicing and the packaging was done (Hachkteal, 2013).

Based on the results obtainedGhapter 5 the risk for antibiotic resistance transfer seems
highest during storage under modified atmospherthedacteria reach the highest densities
at this stage. Raw material can contain lactic dadteria in an order of magnitude of
3log CFU ¢ (Sameliset al, 1998; Vasilopoulost al, 2010). In the experiments conducted
in Chapter 5, transfer on cooked ham was only detected wheraaebal density of
8 log CFU mL! was reached. In the study of Samelisal. (1998) this density was reached
after storage of vacuum packed, cooked ham during 62 days. For MAP artisan-type
cooked ham packages, it took several weeks to ol density at 4 and 7 °C. However,
during this period the practical threshold of 6 U g* for total viable bacterial counts, as
used in artisan-type ham practice for rejectiontloé product, was already exceeded
(Vasilopouloset al, 2008). The lowest density of the recipient baatarat which transfer
was observed ilChapter 5 was in the order of magnitude of 4 log CFU llin a recent
European survey on the prevalence Lofmonocytogenesn certain ready-to-eat foods,
densities of > 4 log CFUjwere observed in 0.06% of the analyzed packagatitheated
meat product samples (EFSA, 2013). @hapter 5 the tip of the veil was lifted by
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demonstrating that antibiotic resistance transéer take place on food products packed under
modified atmosphere. Further research is necessarmssess the importance of this

phenomenon.

1.4. Consumer

Can we still enjoy our food as “bon vivants”?

Of course, as long as you are aware of the presenakbacteria and you act accordingly

to minimize the risk of acquiring a foodborne diseae.

In the fight against foodborne bacterial infectioasd intoxications, a part of the
responsibility lies, obviously, with the consumgr.the time period 2007-2011, the setting
“household/domestic kitchen” was reported to beoimed in 32.7 — 38.7% of the foodborne
outbreaks (EFSA/ECDC, 2009b, 2010, 2011, 2012, ROIBere are several factors
contributing to these high frequenciesg. the majority of the food we eat is prepared at
home, a false sense of being safe from foodboidnessges with insufficient attention to
general hygiene principles as a consequence, thigunationality of the kitchen, too high
refrigerator temperatures (Byrd-Bredbenm¢ral, 2013). Antibiotic resistance is not often
integrated in the bacteriological screening of dstmeekitchens. Marshakt al. (2012) found

in their screening of kitchen sites overall no digant differences or trends in antibiotic
resistance between users and non-users of biogéetsa In another study;ronobacter
sakazakiiwas found to be present in 26.9% of the evaludtedestic kitchens and overall a
resistance to two or more antibiotics was obseff@dnzo-Nthengeet al, 2012). The same
author found in a previous screening of domestidgerators noL. monocytogeneswhile
several species belonging to tRaterobacteriaceaavere detected, most of which are not
usually associated with foodborne pathogens andcc@mnsidered non-pathogenic to healthy
adults, except forEnterobacter sakazakii(2.2%) and Yersinia enterocolitica(0.7%)
(Kilonzo-Nthengeet al, 2008). Among thd=nterobacteriaceaésolates antibiotic resistance
was observed, with multidrug resistance found anlKlebsiella spp. The occurrence of
antibiotic resistance gene transfer in a domegdteh&n environment has been investigated
very seldom. Kruse & Sgrum (1994) demonstratedptzsmid transfer could take place on a
hand towel and that cutting boards can transfapiertt strains to food products on which
subsequently successful transfer can take plaemsier was also detected in the remnants on

the cutting board.

116



General Discussion

To prevent foodborne diseases at consumer level keys have been published by the World
Health Organization (WHO): keep clean, separate wwl cooked food, cook food
thoroughly, keep food at safe temperatures, usee sahter and raw materials

(http://www.who.int/foodsafety/consumer/5keysjenit goes without saying that these

measures will also constrain the transfer of antibiresistance.

2. Does the story end with antibiotic resistant pathogns present in our
food?

No, absolutely not.

Although our main concern are the pathogenic astitbiresistant bacteria as they represent
the main direct threat to the public health, thie f the commensal bacteria present in our
food should not be underestimated. Commensalsaateda which belong physiologically to
the human or animal microbiota and which are nanharily considered as pathogenic for
their host. The most studied commensal speciesEareoli and Enterococcusspp. Both
species have a number of characteristics in commprthey can be found in the
gastrointestinal system of humans and animalgh#dy are possible food contaminants; I11)
they may carry transmissible resistance genes; thWy are facultative pathogens.
Commensals can pose an indirect hazard if they tansferable antibiotic resistance genes,
which they can pass to human pathogenic bactert@omling to some, the commensal
antibiotic resistance reservoir can be consideretbiee global threat to health than the direct
selection pressure on the pathogens themselvdateasccasionatle novodevelopment of
resistance in a pathogen may be less frequentemsdrhpactful than the constant gene traffic
from the vast commensal reservoir into the rel&tivemall pathogen poo(Boerlin &
Reid-Smith, 2008). Furthermore, it seems that mlg resistant commensal coli has the
highest significance in the food animal industryzere it may act as reservoir for intra- and
interspecies exchange and as a source for disseomref multidrug resistant determinants
through contaminated food to humans (Szmolka & N&pi3). Werneet al. (2013) has
recently reviewed the role of antibiotic resistanterococci as “resistance gene trafficker”
highlighting the importance of preventing the deypehent of new resistant strains and the
transfer of multiple resistant enterococci viafibed chain.

A suitable place where bacteria can transfer thetibiotic resistance genes is the human

gastrointestinal tract. This has been demonstratedseveral model systems, such as a
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single-stage continuous fermenter system to sirauka microbial ecosystem of the proximal
infant colon (Hauget al, 2011), anin situ continuous flow culture system, simulating the
human caecum and the ascending colon (Stat, 2011), but also different vivo models

have been applied (Schjgrring & Krogfelt, 2011)islgenerally accepted that the human gut
is likewise a reservoir of antibiotic resistancengg and that there is an interplay among
environmental, food, and gut microbiota of humand animals whereby genetic exchanges

can occur at any step (Figure 6.1).

food microbiota

bacterial

inter-species &
intra-species
gene transfer

gut microbiota gut microbiota

environmental microbiota
(soil, water,...)

Figure 6.1. Graphic representation of the interplay among eomnmental, food, and gut
microbiota of humans and animals. Genetic exchalegesoccur at any step. (Adapted from
Devirgiliis et al, 2011)
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3. Applied methodology

In this doctoral work two techniques were applied the quantification of plasmid transfer:
plating and flow cytometry. Plating, the traditibrdetection technique in bacteriology, is
time consuming and unable to detect VBNC bactériee use of flow cytometry to study
conjugation is a relatively new technique which iest described in 2003 (Sgrensehal,
2003). Major advantages of this technique areaipgdity and the possibility to detect VBNC
bacteria. However, there are also some disadvamtdde setting of the gates is performed
arbitrarily, which can complicate the comparisonmesults. Another drawback is, that in order
to be able to analyze conjugation by flow cytome#ryeporter system has to be integrated. In
this doctoral work, this meant manipulating the @lostrain and the plasmid. Concerning the
insertion of the mini-TB-Km-Paz-0403::gfp cassette, it is not known where it has integrated i
the plasmid. However, with the current sequencexchniques it is nowadays possible to
sequence the plasmid to detect where it has imsemted if this could influence its
transferability or stability.

In Chapter 2 and 4 where flow cytometry was useduantify plasmid transfer, the transfer
ratio was expressed as the ratio of the numberaostonjugants to the total cell number. In
theory, it would be possible to indug expression in the donor bacteria by the additibn o
isopropyl-thiop-D-galactoside (IPTG). In pseudomonads howevehas previously been
shown thatac-type promoters are less efficiently induced by@(Bgrensert al, 2003).
Another factor to keep in mind is that the fluoesste of GFP can be impaired by some
environmental conditions, such as high salt, low gl lack of oxygen (Sgrensen al,
2005). Considering the case of low oxygen, Hareteal. (2001) have demonstrated that when
shifting an anaerobically grown (non-fluoresceng0>um thick Streptococcus gordonii
biofilm to aerobic conditions, GFP fluorescencelddue detected within 4 minutes, reaching
a maximum over the next 16 minutes. In Chapterells avere removed from the filters by
vortexing and in Chapter 4 biofiims were removednir the attachment material and
mechanically disrupted. These manipulations werglgoted under aerobic conditions giving
the cells the opportunity to become fluorescentdrdy, a new fluorescent reporter system
allowing quantitative analysis of plasmid transfader both aerobic and anaerobic conditions
has been designed (Krél al, 2010).

In an ideal situation, anyone planning conjugataperiments should consider these aspects

carefully for the experimental design. Howeverctical considerations cannot be neglected.
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The biomass acquired in filter mating experimer@gpter 2 and Chapter 5) can also be
considered as a biofilm. The difference betwederfinating and the biofilm models used in
Chapter 4 is that the biofilm on the filter is fathunder static conditions while the biofilms
in Chapter 4 were formed under flow condition. Tgreference for one of the approaches

depends on the research question.

In this doctoral work, filter matings were appliedstudy plasmid transfer on a food product.
This was done to obtain a standardized methoddiogpply and recover the bacteria, but
also to give the bacteria the best chance of makimgtact. Other methods have been
described in literature. Wals#t al. (2008), for example, verified that the ground midsaty
used wereSalmonellafree andE. coli free. Ground meat samples were inoculated by
immersing them in an inoculating suspension aftkiciv they were drained and reminced.
Gazzoleet al. (2012), who used a fermented sausage model tesasezontal gene transfer,
sterilized pork meat batter by gamma ray irradiaticeatment (6 KGy) to eliminate the
adventitious microbiota present in the raw meattd®éet al. (2013) spread the inoculation
suspension on the surface of smoked salmon antheérsripened cheese. After incubation,
the cheese smear was scraped off with a sterilie kvliereas the complete salmon sample
was analyzed. By applying the filter mating metheo#, gave the bacteria the best chance to
make contact, however, the methods applied by Weishl. (2008) and by Bertscht al.

(2013) approach the real life situation more chpsel
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4. Conclusion

The topic of this PhD research was the study oibantic resistance transfer during food
production and preservation, addressing a few #&spafcthe dissemination of antibiotic
resistance from farm to fork. Several nice findingsre obtained. First of all, the transfer of
an environmental multiresistance plasmid (origyadlolated from a wastewater treatment
plant) to foodborne pathogens has shown that thiegcgmment and the food production chain
are not strictly separated niches, but that thetacgy can interact with each other. Secondly,
the diversity of the gene cassettes present irgrots in a Belgian collection of STEC
seemed to be limited. As such, this might be pesithowever, more than 90% of the
integron-positive STEC strains displayed resistaonctiree or more antibiotics. This clearly
illustrates the importance of monitoring antibiotésistance in STEC, a research area which
has not received a lot of attention. Thirdly, thefibn research reveals that existing biofilms
which are representative for biofilms in the foodustry can serve as a source or a receiver
for multiresistance plasmids. This is without a lobba point requiring further attention.
Finally, modified atmosphere packaging did not seéerbe a parameter preventing plasmid
transfer. Plasmid transfer even took place on codken packed under modified atmosphere.
It has to be noted, however, that plasmid transges observed only with densities that greatly
exceeded food safety criteria/guidelines.

Considering the farm to fork route, it is clear ttlthe use of antibiotics in the primary
production has an immense impact on the emergdramatibiotic resistance. This is certainly
a point that requires further attention in the figlgainst antibiotic resistance. It is however
imperative to always keep in mind that the différstages in the farm to fork concept are not
strictly defined units, but that interactions mayar. Once antibiotic resistance has emerged,
it is important to look at the factors that can teibnute to a further spread of antibiotic
resistance. From this PhD research, it can be adadl that during food production and
preservation there are definitely factors contifgito a further dissemination of antibiotic
resistance by means of plasmid transfer. Thesdusions, however, only relate to the model
systems applied in this PhD research, indicatiregnided for further research on this topic. It
would be interesting to apply the biofilm reactorather experimental approaches in which
more realistic situations are mimicked by adapfiogexample the temperature and/or the
medium. Other model organisms should also be teS®aur knowledge, it is the first time

that the effect of MAP conditions on plasmid tramshas been explored. Again, more
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research with other food products and other model organisms is necessary to confirm our

findings on the role of MAP in the dissemination of antibiotic resistance determinants.
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Abstract

Antibiotic resistance is a worldwide public heafitoblem. The dissemination of antibiotic
resistance results from an interplay of factorsween humans, animals, food and
environment. There are strong indications thatubke of antibiotics in primary production
contributes to human infections with antibioticisésnt bacteria. Food serves hereby as an
important vector. Regarding the dissemination ofibéstic resistance through food, a
distinction exists between the direct risk, whigfers to the dissemination of antibiotic
resistant bacteria themselves, including the foaub@athogens, and the indirect risk, which
comprises the dissemination of antibiotic resistagenes. Although there are three main
mechanisms by which bacteria can obtain exogenoesesy namely conjugation,
transformation and transduction, it is assumed tt@tjugation is the most important
mechanism concerning antibiotic resistance transt@njugation involves the transfer of
genetic elements from a donor to a recipient. Téreetc element most frequently transferred
via conjugation is a plasmid. The contribution @iod production and preservation to
antibiotic resistance transfer by means of plasphds however only been scarcely studied.

This topic represents the focus of this doctoraikwo

In a first phase, the transfer of a multiresistgplesmid to foodborne pathogens was analyzed
(Chapter 2). The plasmid, pB10, originally isolattbedm a wastewater treatment plant,
contains resistance genes against the antibiatieptemycin, amoxicillin, tetracycline and
sulfonamides. APseudomonas putidatrain was used as dond?. putidais a typical
inhabitant of water and soil, but can also be aased with food spoilage. A selection of
Salmonellaand Escherichia coliO157:H7 strains, both notorious foodborne pathsgaras
chosen as recipient. Conjugation was analyzed atngl and by flow cytometry. For 14 of
the 15 analyzed strains transconjugants were @ete€he transfer ratio,e. the ratio of the
number of transconjugants to the total cell cosegmed to be recipient strain dependent and
could reach an order of magnitude of*1th other words one out of 100 bacteria obtaired t
plasmid. Based on the antibiotic susceptibility fijgs of the recipients and the
transconjugants it could be confirmed that the dxat after obtaining the plasmid, became

resistant against abovementioned antibiotics.

Integrons are genetic elements that are often mdedcwith plasmids. They are a fine
example of the fascinating way by which bacterim @@quire and further disseminate
antibiotic resistance. In Chapter 3 a Belgian atiben of Shiga-toxin producinge. coli

(STEC) was screened for the presence of integr8m&C is considered to be the most
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important group of emerging foodborne pathogengibfatic resistance in STEC, however,
is hardly investigated. Integrons were detected.BP6 of the analyzed strains, all from
human origin. They were all class 1 integrons, Whis the most common class in
Gram-negative bacteria. Further characterizatiomarestrated that the detected integrons
carried antibiotic resistance genes against two edypof antibiotics, namely
streptomycin/spectinomycin and trimethoprim. Thiswd be good news, but analysis of the
antibiotic susceptibility profiles showed that % 3f the integron-positive strains showed
resistance to at least three different antibiotiGn the other hand, 77.0% of the

integron-negative strains were susceptible fothalltested antibiotics.

In the food industry biofilms can form a persisteaturce of contamination, which may
contribute to food spoilage, damage the equipmedtvehich may constitute a risk to human
health if pathogenic bacteria are involved. Morepwbese structures are considered as
hotspots for plasmid transfer, whereby they cartrdmrte to the dissemination of antibiotic
resistance. In Chapter 4, the transfer of the masistance plasmid, pB10, was examined in
biofilm models, representative of biofilms in theofl industry. Two different flow
configurations (flow-through and drip-flow) and ¢ler attachment materials (silicone, glass
and stainless steel) were used. Just as in ChHafReputidawas used as donor akd coli as
recipient. The inoculation strategy comprised firet formation of a biofilm with one of the
two bacterial species and subsequently the appicatf the second bacterial species. This
way, plasmid transfer was studied by means, onotiee hand, of a biofilm with plasmid
donating capacity and, on the other hand, of albiokith plasmid receiving capacity. High
transfer ratios (the ratio of the number of tramgegants to the total cell number) were

obtained, which could reach an order of magnitufdE)d.

To provide food with a sufficient shelf life, pregation techniques are used that prevent the
outgrowth of bacteria present on food. Two suchhrieques are low temperature and
modified atmosphere packaging (MAP). In Chapteth®, effect of these two techniques on
plasmid transfer was studied in a Gram-positive @hddactobacillus sakesubsp.sakej a
typical Gram-positive spoilage organism, was usedi@nor and.isteria monocytogenes
Gram-positive psychrotrophic pathogen, was use@e@pient. Both species can be found on
ready-to-eat foods, packaged under modified atm@ephConcerning temperature, plasmid
transfer was observed in a range between 10 °Gani@. However, the lower limit could be

decreased by extending the incubation period. Eonéxe the effect of modified atmosphere
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three gas compositions (air, 50% £%D% N, and 100% M) were applied. When high
inoculum densities were used, plasmid transfer el@erved under each condition, bath
vitro, on agar plates, as situ, on slices of cooked ham. To simulate a moresgalsituation,
plasmid transfer was also analyzed on cooked hamlaw inoculum densities. Transfer was
observed only under the 100% bbndition after ten days incubation. Under thiaditon,
the highest bacterial density was obtained. In NP experiments the transfer ratio,
expressed as the ratio of the number of transcanjsgo the number of recipients, was of the
order of magnitude of 1b- 10°. It should be noted though that transfer was atigerved
with donor and recipient densities which exceedftloel safety criteria or guidelines. If these
criteria/guidelines can be guaranteed, the corttobuo antibiotic resistance dissemination

seems to be minimal.

This PhD research highlighted a small aspect of futors involved in the problem of
antibiotic resistance dissemination. Neverthel#sse were a number of important findings.
First of all, it was shown that the environment #imel food are not strictly defined niches, but
that they certainly can interact with each othexcddly, it appeared important to further
monitor integrons, as these are often associatdd mobile genetic elements that can carry
additional antibiotic resistance genes. Furthermibdigecame clear that biofilms are not only
a source of contamination in the food industry, bl risk of antibiotic resistance
dissemination by plasmid transfer in biofilms shiballso be acknowledged. Finally, two
commonly used preservation techniques which prelaaterial growth in the food industry,
do not necessarily seem to prevent plasmid transfer

Further research with other model systems is, hewewcessary to expand our knowledge
on the role that food production and preservatitay pn the dissemination of antibiotic

resistance.
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Antibioticumresistentie is een wereldwijd probleeroor de volksgezondheid. De
verspreiding van antibioticumresistentie resultagtt een samenspel van factoren tussen
mens, dier, voeding en omgeving. Er zijn sterkenjamgen dat het gebruik van antibiotica
in de primaire productie bijdraagt aan humane ideamet antibioticumresistente bacterién,
waarbij voeding een belangrike overdrager is. Wale verspreiding van
antibioticumresistentie via de voeding betrefteiseen onderscheid tussen het directe risico,
dat betrekking heeft op de verspreiding van antidionresistente bacterién zelf, waaronder
de voedselgebonden pathogenen, en het indiredt®,risaarmee gedoeld wordt op de
verspreiding van antibioticumresistentiegenen. Hzeer drie belangrijke mechanismen
bestaan waardoor bacterién exogene genen kunnehrijg@mn, zijnde conjugatie,
transformatie en transductie, wordt er aangenoman cdnjugatie in het geval van de
overdracht van antibioticumresistentie het belgkspeé mechanisme is. Tijdens conjugatie
worden er genetische elementen overgedragen vatiosem naar een acceptor. Het genetisch
element dat het vaakst via conjugatie wordt ovenageh is een plasmide. Naar de bijdrage
die de voedselproductie en -bewaring levert aarowdracht van antibioticumresistentie
d.m.v. plasmiden, is er echter weinig onderzoefgawiberd. Hierin ligt dan ook de focus van

dit doctoraatswerk.

In een eerste fase werd de overdracht van eenresidtient plasmide naar voedselpathogenen
geanalyseerd (Hoofdstuk 2). Het plasmide, pB10,smonkelijk geisoleerd uit een
afvalwaterzuiveringsinstallatie, bevat resistergiggn tegen de antibiotica streptomycine,
amoxicilline, tetracycline en sulfonamides. Als dorwerd er gebruikt gemaakt van een
Pseudomonas putidstam.P. putidais een typische bewoner van water en bodem, naar k
ook betrokken zijn bij voedselbederf. Als accepiard er gekozen voor een selectie van
Salmonella en Escherichia coli O157:H7 stammen, beide beruchte voedselpathogenen.
Conjugatie werd geanalyseerd d.m.v. uitplatingerflew cytometrie. Voor 14 van de 15
geteste stammen werden er transconjuganten geslctDe transfer ratio, zijnde de
verhouding van het aantal transconjuganten t.@w/tdtale celaantal, bleek afhankelijk te zijn
van de acceptor stam en kon oplopen tot een godttevan 18, m.a.w. 1 op 100 bacterién
verkregen het plasmide. Aan de hand van antibiotgrvoeligheidsprofielen van de
acceptoren en de transconjuganten kon bevestigdernalat de bacterién na het verkrijgen
van het plasmide resistentie vertoonden tegen haverelde antibiotica.
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Integrons zijn genetische elementen die vaak gemssd zijn met plasmiden. Ze zijn een
mooi voorbeeld van de fascinerende wijze waaropebi@n antibioticumresistentie kunnen
verwerven en verder verspreiden. In Hoofdstuk 3 dween Belgische collectie van
Shiga-toxine producerendg. coli (STEC) gescreend op de aanwezigheid van integrons.
STEC wordt beschouwd als de belangrijkste groep wpkomende voedselgebonden
pathogenen. Integrons werden teruggevonden in A&% de geanalyseerde stammen,
allemaal van humane oorsprong. Ze behoorden allewiadasse 1 integrons. Deze klasse is
de meest voorkomende in Gram-negatieve bacteriérdeve karakterisering toonde aan dat
de gedetecteerde integrons antibioticumresistestiery bevatten tegen twee types van
antibiotica, namelijk tegen streptomycine/spectigoime en tegen trimethoprim. Dit zou
goed nieuws kunnen zijn, maar analyse van de atithimgevoeligheidsprofielen toonde aan
dat 91.3% van de integron-positieve stammen redistevertoonde tegen minstens drie
verschillende antibiotica. Van de integron-negaiestammen daarentegen waren er 77.0%

gevoelig voor al de geteste antibiotica.

In de voedingsindustrie kunnen biofilms een pegeststde bron van contaminatie vormen,
welke kan bijdragen aan voedselbederf, schade aapplaratuur en een risico kan vormen
voor de volksgezondheid indien pathogene bactdrgtrokken zijn. Bovendien worden deze
structuren beschouwd als hotspots voor plasmidg®gnwaardoor zij kunnen bijdragen aan
de verspreiding van antibioticumresistentie. In fdstuk 4 werd de transfer van het
multiresistent plasmide, pB10, nagegaan in biofihmdellen, representatief voor biofilms uit
de voedingsindustrie. Hiervoor werd er gebruik gekbavan twee verschillende
vloeistofstroomconfiguraties (continu en druppelgg® en drie aanhechtingsmaterialen
(siliconen, glas en roestvrij staal). Net zoalsioofdstuk 2, werd er gewerkt mit putidaals
donor enk. coli als acceptor. Als inoculatiestrategie werd er gekoom eerst een biofilm te
vormen met één van de twee bacteriesoorten en atadgtweede er op aan te brengen. Zo
werd plasmidetransfer bestudeerd door middel vaerzgds een biofilm met plasmide
donerende capaciteit en anderzijds een biofiimptastmide ontvangende capaciteit.

Hoge transfer ratio’s (aantal transconjuganten.tloet totale celaantal) werden bekomen, die

konden oplopen tot de grootteorde10

Om voedsel gedurende voldoende tijd te kunnen mwarordt er gebruik gemaakt van
bewaringstechnieken, die ervoor zorgen dat de béotaanwezig op de voeding niet kunnen

uitgroeien. Twee dergelijke technieken zijn lagenperatuur en het verpakken van
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voedingsmiddelen onder gemodificeerde atmosfeerdaofdstuk 5 werd het effect van deze
twee technieken op plasmidetransfer in een Graniipiosiodel bestudeerd. Als donor werd
er gebruik gemaakt vahactobacillus sakeisubsp.sakej een typische Gram-positieve
bederver, en als acceptor weldsteria monocytogengseen Gram-positieve psychrotrofe
pathogeen, gebruikt. Beide soorten kunnen aandetrofworden op kant-en-klare
levensmiddelen, verpakt onder gemodificeerde atesosfMAP). Wat temperatuur betreft,
werd er plasmidetransfer geobserveerd in een ramggen 10 °C en 37 °C. De ondergrens
kon echter wel verlaagd worden door de incubatiederte verlengen. Om het effect van
gemodificeerde atmosfeer na te gaan werden egdsgsamenstellingen (lucht, 50% £%0%

N> en 100% N) toegepast. Wanneer er hoge startdensiteiten wesd@gewend, werd
plasmidetransfer onder elke conditie waargenomdnzdvel in vitro, op agarplaten, als
situ, op sheetjes gekookte ham. Om tot een realistiscls#tuatie te komen, werd
plasmidetransfer ook geanalyseerd op gekookte hatmage startdensiteiten. Hierbij werd er
enkel transfer waargenomen bij de 100%chinditie na tien dagen incubatie. Onder deze
conditie werd de hoogste bacteriéle densiteit bekonBij de MAP experimenten lag de
transfer ratio, uitgedrukt als de verhouding tramgeganten t.o.v. het aantal acceptoren,
steeds in de grootteorde 46 10°. Hierbij dient er wel opgemerkt te worden dat sfen
enkel werd waargenomen bij donor en acceptor dstesitdie de voedselveiligheidscriteria
of -richtlijnen overschrijden. Indien men dus dezgeria/richtlijnen kan waarborgen, lijkt de

bijdrage aan de verspreiding van antibioticumresis¢ minimaal.

Het onderzoek uitgevoerd in dit doctoraat belick&a klein aspect van de factoren betrokken
bij de problematiek van de verspreiding van antibiomresistentie. Niettemin werden er een
aantal belangrijke bevindingen gedaan. Eerst emaVeeerd er aangetoond dat de omgeving
en de voeding geen strikt afgebakende niches mijmar dat deze ongetwijfeld kunnen
interageren met elkaar. Ten tweede blijkt het tsah belang om integrons verder op te
volgen, gezien zij vaak geassocieerd zijn met nlelmenetische elementen die bijkomende
antibioticumresistentiegenen kunnen dragen. Vewtnd duidelijk dat biofilms niet enkel
een bron van contaminatie zijn in de voedingsiniieisinaar dat men ook op de hoede moet
zijn voor het risico op verspreiding van antibiatieresistentie via plasmidetransfer in
biofilms. Ten slotte bleken twee veel gebruikte bemgstechnieken aangewend ter
voorkoming van bacteriéle groei in de voedingsitdes niet noodzakelijkerwijs

plasmidetransfer te verhinderen.
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Samenvatting

Verder onderzoek met andere modelsystemen is echter noodzakelijk om onze kennis
betreffende de rol die de voedselproductie en -bewaring speelt in de verspreiding van

antibioticumresistentie te verruimen.
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Amai, ik kan nauwelijks geloven dat we aan het daded zijn beland, maar ik ben heel blij
dat ik nog eens aan heel wat mensen “Merci” mageegDus hou jullie vast, want hier gaan

we dan.

First of all, I want to thank my jury members fdretr interest and their critical, but fair,
review of my manuscript. This has definitely bearyvaluable for the finalization of my
PhD.

Zonder begeleiding zou een doctoraat snel in hedé@ lopen en daarom ben ik mijn
promotoren bijzonder dankbaar dat zij er de afgatojaren waren om me met raad en daad
bij te staan. Frank, wij hebben minder intensiehsagewerkt, maar onze meetings waren
steeds constructief en betekenden een echte medevads, dank je dat ik steeds bij je kon
komen aankloppen met mijn vragen tijdens het psake werk en eveneens bedankt voor het
vele naleeswerk, vooral tijdens de laatste loodjeso, ook bij jou kon ik altijd terecht met
mijn talrijke vragen. Het was je nooit te veel omgreen meeting in te plannen. Ik heb dat

steeds enorm geapprecieerd! Dank je wel hiervoor!

Hier aansluitend wil ik ook graag een woordje vamldaan Lieve en Tom richten. Lieve, je
bent de laatste maanden enorm bijgesprongen. lkehlellp ongelofelijk gewaardeerd. Tom,

ook bij jou kon ik de laatste tijd terecht met vagomtrent het doctoraat, dank je wel!

Ik heb tijdens het praktische werk heel wat hulgrggen. Tim, Ann, Siska, zonder jullie had
ik het praktische werk niet kunnen bolwerken, bé&tiam steeds klaar te staan om bij te
springen waar nodig! Robin, dank je wel om de biwfreactoren voor me in elkaar te
knutselen! Ik wil ook graag de andere mensen vaneohnisch personeel (Greet, Jana, Mike
en Renée) bedanken omdat ik ook bij jullie teréatt met al mijn vragen! Tim, zonder jou
was bovendien het boekje letterlijk niet zo mooingeden! Nogmaals nen hele dikke merci

hiervoor!

Verder wil ik graag de mensen van het Labo Micrtdg@ en van het Labo Samenstelling,

Authenticiteit en Kwaliteit bedanken omdat julligp @le valreep nog een aantal analyses
hebben uitgevoerd. Ook een welgemeende dankjeweKatieen, Hans B., Hans S. en Jari

voor jullie hulp bij het MAP-verpakken.
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Kris en Regine, ik wil jullie graag bedanken voojudlie hulp met de administratieve wirwar,

die jullie steeds wisten te ontrafelen!
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jullie allemaal op te noemen, daarom aan jullieralhal: Dank jullie wel!!l!

Toch zijn er een aantal mensen die ik even in derbetjes wil zetten.

Eerst en vooral mijn bureaugenoten: Jan, Jo, AeseMarlies, Rosemarie, Eline, Huajun en
Geertrui, Marijke, Timothy en Joris. Jullie zijn deeste bureaugenoten die ik me kan
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harde werk ook ruimte was voor nu en dan een lagha, soms ook een tra&n).

Ook zeker het vermelden waard zijn al de collegais “de kelder”, dank jullie voor de vele
leuke momenten!
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een koffietje tussendoor en daarom ook een heledikerci aan Karen, Jana, Ann, Katrien,

Hadewig, Jessy, Nikki en Els VP omdat ik steedsleisterend oor bij jullie vond.
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ontspanning te zorgen. Bianca & Bram, Marita & Jaascha, Kim, Rik, Mo, Barbara &
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ik vanaf nu weer aanweziger zal zijn!

Ik wil eveneens mijn schoonfamilie bedanken voohnwah steun en interesse. Het wordt weer

hoog tijd voor een leuk familiefeest met zijn allén

Elien, Monique, Senne & Amy, jullie brengen zondeijfel vele zonnestralen in mijn leven

en ik ben dan ook heel blij en trots dat ik julireter mag zijn!

Mama, mijn koppigheid heb ik van jou geérfd! Daaldparvoor! Ik weet niet of ik het anders

had volgehouden.

Fietje, bedankt om er altijd te zijn! Het doet olofelijk veel plezier te weten dat er toch nog

iemand met dezelfde gedachtegang als mij op dezbaaondloopt. HTC Forevef®! Het
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is niet altijd even makkelijk dat jij en Bart mes gatattekes in Zweden wonen, maar ik weet

dat we altijd bij jullie terecht kunnen en datesh wel het belangrijkste!

Inebie, het zijn zware maanden geweest, maar jejbedr fantastisch doorgeslagen! Ik heb
niet altijd zo veel tijd voor je kunnen vrijmakels & wou, maar ik beloof je dat ik dat vanaf

nu wel ga proberen te doen!

Ik zou mezelf niet zijn moest ik hier onze beestjest vermelden. Kastaar, Mie, Fluffy, onze
liefste pluizebollekes en Hinky, Elza en Noir, orstéattekes, bedankt dat jullie er zijn, want

jullie zijn de beste troost op moeilijke momentende leukste ontspanning tussendoor!

En dan last, maar absoluut niet least, mijn a#&ste ventje. Yves, lieve schat, ik ben je zo
ongelofelijk dankbaar voor alles wat je de afgetogaren voor mij hebt gedaan. Mijn
levensmotto mag dan wel “Alles gaat, zelfs nen neahkikk maar naar ...” zijn, toch had ik
ook een houvast nodig. Het is bewonderenswaardigjindat steeds voor me was en bent!

Dank je wel dat je steeds in mij en vooral in oasttblijven geloven! Me Wuv You!!!
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